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The effect of the addition of “inert” salts on ionic reaction rates is discussed. For reactions between ions of 
the same charge sign, the effect is caused almost exclusively by the concentration and character of salt ions of 
charge sign opposite to that of the reactants. The rate is not dependent upon the ionic strength of the solu- 
tions. In reactions between ions of opposite charge sign, both salt ions may affect the rate, but the effect of 
one type may be dominant. The effects are quantitatively interpretable in terms of an ion association con- 
stant and specific rate constants for the associated and non-associated reactants. The further introduction of 
activity coefficients is not necessary. The reactions upon which the Livingston Diagram is based have been 
explored from this viewpoint and found to be in quantitative accord. 





HE rate of reaction between bromopentammine 
cobaltic ion, Co(NH;);Brt*, and mercuric ion in 
dilute aqueous solution was investigated by Brgnsted 
and Livingston.’ Their results are shown graphically in 
Fig. 1. The dashed line shows the theoretical change in 
specific rate with ionic strength as calculated from the 
Brénsted theory of salt effects,? k=ko(fafs/fx), com- 
bined with the Debye-Hiickel limiting law for the 
activity coefficients of ions in aqueous solutions. Ap- 
parently, the only hydrogen ions in the solution came 
from an unspecified amount of nitric acid added to the 
stock solution of mercuric nitrate to prevent hydrolysis. 
This might account for the rapid drop in the specific rate 
at low ionic strengths, since the smaller the amount of 
such stock solution added to the reaction mixture, the 
smaller would be the concentration of hydrogen ions, 
and the greater would be the degree of hydrolysis. We 
have therefore reinvestigated this reaction, taking ad- 
vantage of the improved precision made possible by the 
use of a quartz spectrophotometer and the very high 
extinction coefficient of the bromo-cobaltammine in the 
ultra-violet. The large absorption of nitrate ion in this 
region made it desirable to employ the perchlorate 
compounds. 
Bromopentammine cobaltic bromide was prepared by 
the method of Jérgensen.* Mercuric perchlorate solution 
asap Brgnsted and R. Livingston, J. Am. Chem. Soc. 49, 435 


eee Zeits f. physik. Chemie 102, 169 (1922); 115, 
*S. M. Jorgensen, Zeits. f. anorg. allgem. Chemie 17, 455 (1898). 
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was prepared by permitting perchloric acid to react 
with an excess of freshly precipitated mercuric oxide. 
The centrifuged and filtered solution was analyzed for 
mercury by titration with thiocyanate* which had been 
standardized against redistilled mercury. The perchloric 
acid content of the solution was determined by titration 
with sodium hydroxide after complexing the mercuric 
ion with a large excess of sodium bromide. Methyl red 
indicator was used. The final stock solution was ap- 
proximately 0.1M in mercuric perchlorate and 0.004M 
in perchloric acid. Sodium perchlorate solution was pre- 
pared by the neutralization of standardized perchloric 
acid with analytical reagent grade sodium carbonate, 
boiling off carbon dioxide, and diluting to a known 
volume. Lanthanum perchlorate solution was prepared 
by permitting standardized perchloric acid to react with 
an excess of pure lanthanum oxide which had been 
ignited and weighed. After a few hours stirring, the 
excess oxide was filtered off, washed, and ignited. The 
weight of oxide used checked with the amount of per- 
chloric acid added within a few tenths of a percent. 
The large difference between the extinction coeffi- 
cients for the two cobaltammine compounds in the 
ultraviolet region, and the use of a modern spectropho- 
tometer permit precise rate determinations at very low 
reactant concentrations. Absorption spectra of the 
cobaltammines involved in this reaction and one to be 
discussed later are shown in Fig. 2. A Beckman quartz 


41. M. Kolthoff and E. B. Sandell, Quantitative Inorganic Anal- 
ysis (The Macmillan Company, New York, 1943), pp. 480 and 575. 
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Fic. 1. Data of Brgnsted and Livingston (see reference 1) for 
the reaction Co(NH;)sBr+++Hg**. O no added salt, e HNO; 
added, ® KNO; added, © Ba(NOs;)2 added, @ Sr(NOs3)2 added, 
@ La(NO3;)3 added. Dashed line: Debye-Hiickel limiting slope 
from Brgnsted equation as drawn by Br¢nsted and Livingston. 


spectrophotometer was used for all rate measurements. 
A small thermostat chamber was constructed to replace 
the usual cell compartment assembly for 10-cm cells. It 
consisted of a brass box with fused silica windows in the 
optical path. Making the box longer (toward the 
operator) than the usual compartment provided space 
for a stirrer and a thermoregulator. A grid of copper 
tubing on the bottom of the box permitted the circula- 
tion of a coolant. Insulation was provided by a layer of 
sheet cork surrounding the thermostat. 

Solutions of the cobaltammine and mercuric per- 
chlorate were separately brought to temperature (15.0°C 
in all these experiments) in the arms of a Y-shaped 
mixing vessel in a separate thermostat. After rapid 
mixing, the final solution was transferred to a 10-cm 
absorption cell which had also been brought to tempera- 
ture, the cell holder was placed in the spectrophotome- 
ter, and measurements begun. 

In our experiments the concentration of the cobalt- 
ammine was so small compared to that of mercuric ion 
that the change in ionic strength as well as the change in 
mercuric ion concentration was less than five percent 
during the course of the reaction in the most extreme 
case. For those runs in which the mercuric ion concen- 
tration changed appreciably during reaction, bimolecular 
specific rates have been calculated from the average 
mercuric ion concentration. 

In the first series of experiments, shown in Fig. 3, the 
rate of the reaction was determined at various concen- 
trations of mercuric perchlorate, keeping the initial 
concentration of cobaltammine constant (5.00 10-*M). 
The only perchloric acid present came from the mercury 
stock solution. Figure 4 shows the strictly first-order 
character of the rate of disappearance of bromocobalt- 
ammine in a typical experiment. The curve resulting 
from this series parallels rather closely the Brénsted and 
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Fic. 2. Ultraviolet absorption spectra of cobaltammines. 1: 
Co(NH;);Br**, 2: Co(NH;);0H**, 3: Co(NH;)sH20***. 


Livingston! data, again showing the rapid drop in 
specific rate at low ionic strengths. 

When the series was repeated using enough added 
acid to make the total perchloric acid concentration 
0.001M, the rapid drop in the specific rate at low 
mercuric ion concentrations was avoided. This does not 
mean that hydrolysis of mercuric ion has been elimi- 
nated. It means merely that the hydrogen ion concen- 
tration is large enough so that the degree of hydrolysis of 
mercuric ion does not change greatly as the mercuric ion 
concentration is changed. In fact from the work of 
Garrett and Hirschler® and the free energy data for the 
mercuric compounds, an appreciable fraction of the 
mercury may be present as HgOH*t. The measured re- 
action therefore is complex, but this complexity does not 
vitiate the conclusions to which we are led below. The 
observations measure the change in the concentration of 
the bromopentammine cobaltic ion. The relative concen- 
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Fic. 3. The reaction Co(NHs)sBr+++Hgt+t. Cobaltammine 
concentration 5.0X 10-®M, varying amounts of Hg(ClO,)2. Dashed 
line: Debye-Hiickel limiting slope from Brgnsted equation. 


5 A. B. Garrett and A. E. Hirschler, J. Am. Chem. Soc. 60, 305 
(1938). 
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Fic. 4. A typical run showing first-order disappearance of bromo- 
cobaltammine in the reaction Co(NH;);Br+*++Hgtt. Ar is the 
difference of two optical densities measured a constant time 
interval apart (Guggenheim method). Wave-length 253 mu. 


trations of mercuric ion and its hydrolysis products may 
be and probably are complex functions not only of the 
hydrogen ion concentration, but also of the “‘inert’’ salt 
concentration. In the presence of a great excess of 
mercuric ion, as in our experiments, the only important 
reaction product of mercury is HgBrt.® The kinetic data 
for this series at constant total acidity are shown in 
Table I and in Fig. 5. 

In Table II are shown the results of a series of runs in 
solutions 0.001M in perchloric acid to which sodium 
perchlorate or lanthanum perchlorate was added to vary 
the ionic strength, all other components of the solutions 
being kept constant. These data are plotted in Fig. 6. In 
those runs containing the highest salt concentrations the 
rates are almost twice as great as the rate in the reference 
solution. The ionic strengths of the lanthanum per- 
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Fic. 5. The reaction Co(NH;);sBr+++Hg*t+. Cobaltammine 
concentration 5.0X10~§M, HClO, concentration 1.00 10M, 
varying amounts of Hg(ClO,)2, Dashed line: Debye-Hiickel 
imiting slope from Br¢gnsted equation. 

ES 


*L. G. Sillén, Svensk Kem. Tid. 58, 52 (1946). L. G Sillén and 
G, Infeldt, Svensk Kem, Tid. 58, 61 (1946), 


IONIC REACTION RATES 


1169 





chlorate solutions are almost double those of the 
corresponding sodium perchlorate solutions. It is obvi- 
ous that the rate for the addition of sodium perchlorate 
is identical with that for the addition of lanthanum 
perchlorate at the same perchlorate ion concentration in 
spite of ionic strength differences. The functional de- 
pendence of the rate of this reaction is on the concen- 
tration of negative ions, and not on the ionic strength as 
such. 

We arrive at the same conclusion by examining the 
data of Brgnsted and Livingston! for this reaction. 
Table III includes all the data they presented which 
permit such a comparison. 

The substitution of the bromine in bromoacetate ion 
by thiosulfate ion was studied by von Kiss and Vass.’ 
These investigators added salts of various types to the 
reactants to change the ionic strength. For convenience 
we have reproduced in Table IV that portion of their 
data taken at 25°C which involved the addition of 
sodium nitrate or sodium sulfate, and we have plotted 
the results in the usual way in Fig. 7. Data for three runs 
by the present authors in which potassium nitrate, 
potassium sulfate, or potassium cobalticyanide was 
added as “‘inert salt,’’ also shown in Fig. 7, are given in 
Table V. If we compare sets of runs where in one case 
sodium nitrate has been added and in the other sodium 
sulfate has been added as the “‘inert salt,” we see that 
even up to half-normal the rate is about the same at 
equal sodium ion concentrations, even though the ionic 
strength is very different. This is shown in Fig. 8, where 
we have plotted logk versus the square root of the 
sodium ion concentration. A similar treatment of their 
experiments involving the addition of magnesium salts 
(the only additional group where such a comparison 
may be made), while more closely conforming to a 
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Fic. 6. The effect of the addition of sodium and lanthanum 
perchlorate to the reaction Co(NH;);Br+++Hgt*. Concentra- 
tions: cobaltammine, 5.0X10-°M@; Hg(ClO,)2, 2.50X10-M; 
HCIO,, 1.0X 10-*M. In each pair of points one is sodium and one 
lanthanum perchlorate. 


7 A. von Kiss and P. Vass, Zeits. f. anorg. allgem. Chemie 217, 
305 (1934), 
























































1170 A. 


TABLE I. Rate data for the reaction Co(NH;);Br+*++Hg**. 











Cobaltammine 5.0 X10-*M Total HC1041.00 X10-*M T =15.0°C 

104 X [Hg(ClO«)2] k 10%u 
2.50 103.8 1.75 

4.98 105.1 2.49 

9.97 109.1 3.99 

14.93 114.8 5.48 

19.90 117.8 6.97 

29.89 125.6 9.96 








TABLE II. Rate data for the reaction Co(NH;)sBr+*++Hg*t. 








Concentrations: Cobaltammine 5.0 X10-*M@ 
Hg(C1lO4)2 2.50 X10-4*M 





HCI10, 1.00 X10-°M T =15.0°C 
10? [NaClO«] 10° [La(ClO4)s] 10°X [added (ClO«-)] 10° 
0 0 0 103.8 1.75 
7.06 7.06 145.0 8.81 
2.35 7.06 146.7 15.85 
11.70 11.70 162.2 13.45 
3.90 11.70 164.2 25.15 
23.56 23.56 200.4 25.31 
7.85 23.55 200.4 48.85 








concentration than an ionic strength comparison, is 
somewhat less striking from a quantitative viewpoint 
than the one discussed above. 

The saponification of nitrourethane ion by hydrox- 
ide ion, NOz=N—COOC:H;-+OH-=N:;0+ CO; 
+C.H;OH, was studied by Brgnsted and Delbanco.*® 
The first four entries of Table VI, taken from their 
paper (with the column for ionic strength added by us), 
show the effect on the rate of adding various potassium 
salts, all at the same concentration of potassium ion. It 
is seen that under these conditions the rate is nearly 
constant, independent of the type of negative ion and of 
the ionic strength, provided that the change in ionic 
strength is due to a change in the character and concen- 
tration of the added negative ion. The remaining entries 
of Table VI show further that the rate is influenced very 
markedly by the character of the added positive ion, 
even though the ionic strength remains the same. 
Brgnsted and Delbanco noted this effect of positive ion 
character, and stated that it was in agreement with 
Br¢gnsted’s “principle of specific interaction of ions.” 
The inescapable conclusion from this work is that the 
rate of this reaction depends on the concentration and 
character of positive ions, and that it is independent of 
ionic strength, in complete accord with the preceding 
examples. 

The reaction of bromopentammine cobaltic ion with 
hydroxide ion, Co(NH;)sBr*++OH- = Co(NH3);0Ht* 
+Br-, was studied by Brgénsted and Livingston.! Their 
data, though perhaps as good as could be got by visual 
colorimetric methods, are not very consistent. We have 
therefore re-examined the rates for this reaction, again 


8 J. N. Brénsted and A. Delbanco, Zeits. f. anorg. allgem. 
Chemie 144, 248 (1925). 
9 J. N. Brgnsted, J. Am. Chem. Soc. 44, 877 (1922). 
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using the ultraviolet absorption region which permitted 
us to work with very low reactant concentrations. The 
absorption spectra involved are shown in Fig. 2. The 
first series of experiments was performed by varying the 
initial hydroxide ion concentration, keeping the initial 
cobaltammine concentration constant at 5.010-*y, 
No salts were added. Our data for this series are shown 
in Table VII and by the filled circles in Fig. 9. For 
comparison we have included all the Brgnsted and 
Livingston data up to an ionic strength of 0.01. The 
dashed line shows the limiting slope predicted by the 
Br¢gnsted theory, employing the Debye-Hiickel limiting 
law for calculating activity coefficients. The line js 
drawn as it was placed by Brgnsted and Livingston. The 
experiments at the bottom of Table VII, in which the 
concentration of cobaltammine was increased twenty- 
fold, indicate that within the experimental limits, the 
specific rate is independent of the cobaltammine concen- 
tration in this concentration region. 

These experiments were performed in much the same 
way as were those in connection with the cobaltammine- 
mercuric ion reaction described above. The principal 
difference was the necessity for the exclusion of carbon 
dioxide. All stock solutions were prepared with carbon 
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Fic. 7. The effect of the addition of salts to the reaction 
BrCH:COO-+S.,0;--. Data of von Kiss and Vass (reactants 
0.00125M) : @ no added salt, ® NaNO; added, © Na2SO, added. 
Data of present authors (reactants 0.001M@): 6 KNO; added, 






































® K2SO, added, @ K3Co(CN)s added. 
2 : : : 
| 
1.0 } ___ Lilt 
Y | 
o 
£8 i 
ae ri 
6 7 
‘ | 
0 , 4.4 2- © 


Vv (Na’) 


8. The data of Fig. 7 replotted against square root of 
positive ion concentration. 


Fic. 





















TABLE | 


= 





Ceo = 4.0 
Co T=1 
Ru 


2: 
2 
Z. 


Kj 
3: 





2 
3s 


2¢ 





34 
3¢ 


| 


TABLI 








Equ 


Normalit: 
added s: 





0.01 
0.05 
0.10 
0.25 
0.50 
1.00 


dioxide 
guard t 
swept o 
introduc 
concent: 

The e 
bromide 
Table V 

In co 
data fou 
seems te 
various 
trations 
added “ 
to one y 
ment is ; 
hegative 
and cha 
hant eff 
but oppc 
salt ions 

The r 
upon wl 
diagram, 
in suppo 
Combine 


—"--——_» 
10 


(Columbia 
TR. Li 





‘mitted 
ns. The 
2. The 
ring the 
> initial 
10-*y, 
» shown 
9. For 
ed and 
)1. The 
by the 
limiting 
line is 
on. The 
lich the 
twenty- 
‘its, the 
concen- 


he same 
mmine- 
rincipal 
carbon 
carbon 


. reaction 
(reactants 
O, added. 
); added, 





oot of 











IONIC REACTION RATES 


TaBLE III. Rate data for the reaction Co(NH;)sBr*+++Hg**. 








(Brgnsted and Livingston) 


Cug =2.78 X10-4M (except No. 25 where it 


Cop =4.00 X10~4M 
T =15°C is 5.56 X10-*M) 





Run Salt Csalt k » 

21 KNO; 0.0025 122 0.0047 
29 Ba(NOs3)2 0.00125 113 0.0059 
23 KNO; 0.0100 155 0.0122 
31 Ba(NO3)2 0.0050 160 0.0174 
32 Ba(NOs3)2 0.0050 156 0.0174 
25 KNO; 0.0150 207 0.0182 
39 La(NOs)3 0.00512 215 0.0329 
26 KNO; 0.0200 205 0.0222 
34 Ba(NOs)> 0.0100 196 0.0322 
36 Sr(NO3)2 0.0100 200 0.0322 








TABLE IV. Rate data for the reaction BrCH,COO-+S,0;——. 








(von Kiss and Vass) 


Equimolar reactants, 0.00125M T =25°C 





Normality of NaNO; added Na2SO. added 

added salt k u k 7 
0.01 0.412 0.015 0.432 0.020 
0.05 0.580 0.055 0.577 0.080 
0.10 0.678 0.105 0.682 0.155 
0.25 0.875 0.255 0.886 0.380 
0.50 1.05 0.505 1.10 0.755 
1.00 1.18 1.005 1.40 1.505 








dioxide free water and kept in bottles provided with 
guard tubes. Vessels used in solution preparation were 
swept out with purified air, and a stream of this air was 
introduced into each flask during dilution to the low 
concentrations employed. 

The effect on the rate due to the addition of sodium 
bromide or of sodium sulfate is shown in Fig. 10 and in 
Table VIII. 

In commenting upon the Br¢gnsted and Livingston 
(ata for this reaction, Brénsted stated:!° “The effect 
seems to be more uniform when in the solution of the 
various salt types (KCI, BaCls, etc.) equivalent concen- 
trations instead of ionic strengths are compared.” If the 
added “inert” salt is restricted to a chloride, or perhaps 
toone with a univalent negative ion, the above state- 
ment is adequate. However, if we include salts of higher 
negative charge types we see that it is the concentration 
and character of the negative ion that exerts the domi- 
tant effect on the rate. If the two reactants had equal 
but opposite charges, it appears probable to us that both 
salt ions might exert noticeable effects. 

The reactions discussed above comprise the group 
upon which the Livingston Diagram" is based. This 
diagram, shown in Fig. 11, has been widely reproduced 
support of the Brgnsted theory of ionic reaction rates 
combined with the Debye-Hiickel activity coefficient 


ee 

"J. N. Brénsted, Contemporary Developments in Chemistry 
(Columbia University Press, New York, 1927). 

R. Livingston, J. Chem. Education 7, 2887 (1930). 
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calculation. We have omitted discussing two of the 
reactions of the diagram. Reaction 4, the alkaline 
hydrolysis of ethyl acetate” is not a reaction between 
two ions, and is not relevant to our present work. 
Reaction 5, the decomposition of hydrogen peroxide by 
hydrogen bromide was studied by Livingston.” The 
points shown in the diagram for this reaction include no 
data for any run in which the ionic strength was 
changed by the addition of “inert” salts. The analogous 
reaction involving hydrogen iodide was investigated by 
Liebhafsky and Mohammad." In this case the measured 
rate is the sum of two reactions. For that part of the 
total reaction involving hydrogen and iodide ions, these 
authors found no salt effect over a range of ionic strengths 
from 0.05 to 0.5 in solutions in which the ionic strength 
was varied by the addition of sodium or barium 
perchlorate. Until these results are reconciled, it does 
not seem advisable to us to consider either of these 
reactions in testing a theory of salt effects. Livingston 
used the results of La Mer" for Reaction 2, the bromo- 
acetate-thiosulfate reaction. However, since La Mer, in 
general, did not add “inert” salts to his reactants, we 
found the data of von Kiss and Vass’ of more interest to 
us. 

In the other reactions of the diagram, wherever pre- 
cise experimental data have been available, we have 
been able to show that the specific reaction rates, to as 
low concentration ranges as are accessible to experiment, 
show a functional dependence on the concentration of 
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Fic. 9. The reaction Co(NH;);Brt*++OH~. Filled circles are 
data of present authors, cobaltammine concentration 5.0 10-*M, 
sodium hydroxide concentration varied, no added salts. Data of 
Brgnsted and Livingston: © no added salts, © BaCl, added, 
® NaCl added. Dashed line: Debye-Hiickel limiting slope from 
Brgnsted equation as drawn by Br¢gnsted and Livingston. Curve is 
calculated from equation in text. 


2S. Arrhenius, Zeits. f. physik. Chemie 1, 111 (1887). 

18 R. Livingston, J. Am. Chem. Soc. 48, 53 (1926). 

4H. A. Liebhafsky and A. Mohammad, J. Am. Chem. Soc. 
55, 3977 (1933); J. Phys. Chem. 38, 857 (1934). 

16 V, K. La Mer, J. Am. Chem. Soc. 51, 3341 (1929) ; ibid. 3678. 
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TABLE V. Rate data for the reaction BrCH2COO-+S.0;——. 















Equimolar reactants, 0.00100M Cgait =0.02N T =25.0°C 
Salt k B 
KNO; 0.472 0.0240 
K.SO, 0.472 0.0340 
K;Co(CN)s 0.462 0.0440 








TABLE VI. Saponification of nitrourethane ion by hydroxide ion. 








(Brgnsted and Delbanco) 





Cn- =0.00581 Con =0.0250 Csait =0.07N T =20°C 
Total equivalent 
Salt concentration k B 
None 0.0308 0.196 0.0308 
KCl 0.1008 0.242 0.101 
K.SO, 0.1008 0.243 0.136 
K3Co(CN)¢ 0.1008 0.247 0.171 
Pt(NH3)4Cle 0.1008 0.306 0.136 
Co(NH3)6Cls 0.1008 0.586 0.171 








some particular ion and not upon the ionic strength. 
This seems to imply that if we retain the Brénsted 
theory of reaction rates, we must abandon the Debye- 
Hiickel theory either in its limiting or in its more ex- 
tended forms for calculating activity coefficients of ions; 
for in these theories, activity coefficients, and therefore 
Br¢gnsted’s ‘kinetic activity factor,” fafe/fx, are func- 
tionally dependent on ionic strength. The experimental 
rates, however, show a quite different functional de- 
pendence, as has been shown above. We must emphasize 
that the Brénsted-Debye combined theory is not being 
criticized here on the basis of small deviations from 
quantitative predictions. We are trying to point out 
that a different kind of comparison gives a much more 
successful method of correlating the results of kinetic 
experiments. 

With complete freedom of choice of both mathematical 
form and complexity, a large number of empirical equa- 
tions could be used to fit the foregoing rate data. 
Influenced by some other work now in progress in this 












20 | 


Ta 


a 

1.6 Sa eT Te 
| 

ka he Oe 

@) a Ps 2 4 2 

nave 














A 




















Fic. 10. The addition of salts to the reaction Co(NH3);Brtt 
+OH-—. Cobaltammine concentration, 5.0X 10~6M ; hydroxide ion 
concentration 3.46X10-°M@. Curve 1, NaBr added; curve 2, 
Na2SO, added. 
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laboratory, we decided to try the form 


i 1 ‘as K(X) 
"14 K(X) | | 





That we were successful in fitting the data can be seen 
from the solid lines in the various diagrams which were 
calculated from equations of this form. At high salt 
concentrations or for some reactions involving higher 
ionic charges, K(X) was replaced by K(X)+ K’(X)’, in 
order to get an agreement to about one percent. In this 
equation is the specific rate at some concentration of 
salts and reactants, ka the specific rate at some low 
concentration of these substances, and k’ and K are 
adjustable constants. (X) represents the concentration 
of a particular ion contributed either by added salts or 
by the reactants or by both. 

Thus for the reaction of bromopentammine cobaltic 
ion with hydroxide ion, without added salts, the experi- 
mental specific rates are expressed by 


1 158.8(X) 
k= i013] +0.6198 | 
1+158.8(X) 1+158.8(X) 





with an average deviation of 0.4 percent. Here (X) is the 
concentration of hydroxide ion in moles per liter. The 
value 101.7 is the calculated bimolecular specific rate at 
this cobaltammine concentration (5.0 10-*M) and zero 
hydroxide concentration. As mentioned above, another 
series of experiments at a cobaltammine concentration 
twenty-fold greater than this indicated no significant 
change in the specific rate at any hydroxide concentra- 
tion in this range. We therefore may be justified in 
assuming that k, will not change appreciably from its 
value, 101.7, as we decrease the cobaltammine concen- 
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Fic. 11. The Livingston Diagram (see reference 11). 
. Co(NHs)sBr+++Hgt++H20—-Co(NHs)sH20*t*. Reference | 


1 

2. BrCH2COO- +S203--—-S20:CH2COO-~- +Br-. Reference 15 
3. NOz=N —COOC:Hs~ +OH-~—-N20+CO;--~+C2HsOH. Reference - 
4. CHsCOOC:Hs +OH ~ ~CH;COO~- +C:H;OH. Reference : 
5. HxXO2+H*++Br-—-H20+Bre. Reference |: 
6. Co(NHs)sBr+*+ +OH~-Co(NH3)s;sOH**++Br-. Reference ! 
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TABLE VII. Rate data for the reaction Co(NH;);Br*++OH-. 
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TABLE VIII. Rate data for the reaction Co(NH;);Brt*+OH-. 











(No added salts) T =15.0°C 
10°X (cobaltammine) 10‘ X (NaOH) k (u)t 
5.0 1.202 101.0 0.0116 
3.460 99.8 0.0190 
3.460 99.7 0.0190 
6.91 97.5 0.0266 
8.55 96.4 0.0295 
10.37 95.4 0.0325 
10.88 95.9 0.0332 
13.92 94.0 0.0375 
17.41 92.7 0.0419 
18.05 92.9 0.0427 
20.89 91.6 0.0459 
36.35 88.0 0.0604 
72.6 81.4 0.0853 
109.0 76.7 0.1045 
98.6 18.05 92.4 0.0458 
36.35 87.3 0.0627 
72.6 81.3 0.0870 








tration to zero. At infinite dilution then, 


1 158.8(X) 
ar +0.6198———_| 
1+ 158.8(X) 1+158.8(X) 





Comparing this expression with Brgnsted’s equation, we 
find that if the Brdénsted equation is valid, 


fafe_ 1 
fx 14+158.8(X) 


158.8(X) 
1+ 158.8(X) 





for this particular reaction. 

The form of this expression is suggestive of an 
alternative interpretation. Thus, instead of considering 
an average effect on all of the reactant particles of a 
given charge type, we might consider a more intimate 





(Cobaltammine) =5.0 X10-*M 





(NaOH) =3.46 X10°M T =15.0°C 
(NaBr) (Na2SOx) k (ut 
0.001557M 85.0 0.0709 
0.00520 78.2 0.0932 
0.01033 71.5 0.1175 
0.0520 47.9 0.236 
0.1038 37.4 0.328 

0.2600 26.0 0.513 
0.000308 82.9 0.0664 
0.000621 78.2 0.0731 
0.001233 70.1 0.0847 
0.003080 56.2 0.1128 
0.00621 45.0 0.1487 
0.01240 36.5 0.2018 
0.03102 30.6 0.3110 








picture in which we divide each of the reactants into 
two groups. In the one group would be those particles 
which have the same specific reaction rate, ko, as they 
would have at infinite dilution. This fraction is desig- 
nated by 1/[1+K(X)]. In the other group would be 
those reactant particles that are so closely associated 
with other particles, usually salt ions of opposite charge 
sign, that the electric force between the reactants is 
distinctly altered; i.e., they would have the specific 
rate constant k’ko. This fraction is designated by 
K(X)/[1+K(X) ]. Since such association would always 
result in a decrease of the absolute value of the electric 
force between reactant ions, k’ must be less than one for 
a reaction between ions of opposite sign, and greater 
than unity for reactions between ions of the same sign. 
This consideration alone gives the qualitative effect of 
salts on the rates of ionic reactions. Quantitative 
agreement with experiments may be got by assigning 
numerical values to k’ and K. 
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Measurements of the variation of gas phase dipole moment with temperature of six chlorinated hydro- 
carbons are described. 1,2-dichloropropane, and, to a very small extent, 2,3-dichloropropene and 1,1,2-tri- 
chloroethane display a dependence of dipole moment on temperature. 1,4-dichlorobutane and the two 
isomers of 1,3-dichloropropene have dipole moments constant over the temperature range investigated. 
The results are analyzed both by adopting simple parametric functions to represent the potential hindering 
intramolecular rotation, and by computations of intramolecular energies. 





ESTRICTED internal rotation can be studied in 

many ways, such as by electron diffraction,'? 
infra-red and Raman spectra,* thermochemical measure- 
ments linked with statistical thermodynamical calcu- 
lations,‘ and by the temperature variation of the dipole 
moments.® Of these, the latter is the most direct when 
applicable, since the observed phenomenon is an un- 
ambiguous function of the internal rotation. Because 
only relatively few vapor measurements of moment as 
a function of temperature exist in the literature,*~" it 
was thought worth while to investigate some of the 
chlorinated ethanes, as well as some dichlorinated 
methyl- and methylene-substituted ethanes. A pre- 
liminary note on our experimental results has already 
been published.” 


EXPERIMENTAL 


The heterodyne beat apparatus used to measure the 
dielectric constants of the vapors has been described 
elsewhere.'® The pressure of the vapor in the dielectric 
cell is increased by using air pressure to force liquid up 
one leg of a U-tube into a heated region in which it 
vaporizes. Similarly, to decrease the pressure of the 
vapor, the air pressure is decreased on the other side of 
the liquid in the U-tube. The slope of the capacitance- 


* This work was carried out with the support of the ONR. 

1P. Debye, J. Chem. Phys. 9, 55 (1941). 

2 J. Y. Beach and K. J. Palmer, J. Chem. Phys. 6, 639 (1938). 

3G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, New York, 1945). 

‘E. B. Wilson, Jr., Chem. Revs. 27, 17 (1940); K. S. Pitzer, 
J. Chem. Phys. 14, 239 (1946); Conn, Kistiakowsky, and Smith, 
J. Am. Chem. Soc. 61, 1868 (1939). 

5 Smyth, Dornte, and Wilson, Jr., J. Am. Chem. Soc. 53, 4242 
(1931) ; L. Meyer, Zeits. f. physik. Chemie 8B, 27 (1930). 
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pressure curve was determined, using some six pressures, 
or the two-point method was used and several determi- 
nations made and the average taken. 

All the compounds were purified by careful distilla- 
tion over a suitable desiccant through a four-foot 
packed column, and fractions boiling over 0.1° range or 
less were used in the measurements. The 1,1,2-trichloro- 
ethane and 1,4-dichlorobutane were obtained from 
Eastman Kodak; the 2,3-dichloropropene was received 
from Columbia Organic Chemicals Company, the 1,2- 
dichloropropane, from the Paragon Testing Labora- 
tories, and the two isomers of 1,3-dichloropropene, from 
Halogen Chemicals Company. The dielectric cell was 
calibrated with the vapors of chlorobenzene, ethyl 
bromide, and nitrobenzene. Molar refractions were com- 
puted from refractive indices and densities of the liquids 
in the literature; these were measured when literature 
values were lacking. 


RESULTS 


Table I presents the molar refractions, and the 
polarizations and dipole moments versus temperatures 
for the six compounds examined. The dipole moments, 
u, were computed from the polarizations, P, by the well- 
known relationship, »=0.01281X10-[(P—Rp)T}', 
where Rp is the molar refraction for the D sodium line 


and T is the absolute temperature. The moment-tem- 


perature relationships for 1,1,2-trichloroethane, 1,2- 
dichloropropane, and 2,3-dichloropropene are shown 
graphically in the A-curves of Fig. 1, in which are also 
shown for comparison the data of Zahn® for 1,2-di- 
chloroethane, the other data for this substance in the 
literature* * being in essential agreement with these. 
In Table II are gathered together the vapor dipole 
moment measurements for the halogenated ethanes, 
propanes, propenes, and butane that might be expected 
to display a variation of dipole moment with tempera- 
ture and also two similar compounds containing bro- 
mine. The table also includes values calculated by the 
equation of Smyth and Walls'®” for the dipole moment 
that would be observed if completely free intramolecular 
16H. Eyring, Phys. Rev. 39, 746 (1932). 


17C, P. Smyth and W. S. Walls, J. Am. Chem. Soc. 54, 2261 
(1932). 








rotati 
ments 
—CH 
and 1. 
1,1,2-1 
1.85 > 
stricti 
are gi 
each 1 
the v: 
the ra 
accura 


We 
ment 
relativ 
rough] 
groups 
and it 
Seconc 
princif 
betwee 
figurat 
qualitz 
nomen 
the dir 


- 
1.9- 





ee OO bo 


dies 


= 


(1933), 








1949 


ssures, 
‘termi- 


istilla- 
ir-foot 
nge or 
chloro- 
from 
ceived 
ne 1,2- 
abora- 
>, from 
1] was 

ethyl 
e com- 
liquids 
srature 


id the 
ratures 
ments, 
1e well- 
°p)T I}, 
im line 
1t-tem-' 
e, 1,2- 
shown 
re also 
1,2-di- 
_ in the 
_ these. 
dipole 
thanes, 
cpected 
mpera- 
ng bro- 
by the 
noment 
lecular 


54, 2261 





DIPOLE MOMENT AND ROTATION 


rotation existed. The values used for the group mo- 
ments in these calculations were 1.85xX10-'* for 
-—CH.Cl in 1,2-dichloroethane, 1,1,2-trichloroethane, 
and 1,2-dichloropropane,” 1.57 10~'* for — CHC],"* in 
1,1,2-trichloroethane and 1,1,2,2-tetrachloroethane, and 
1.85 *10-'8 for —CH2Br. Values calculated for the re- 
stricting potential energy Vo as discussed subsequently 
are given in the last column. The + percent given after 
each value is the average deviation from the mean of 
the values calculated at different temperatures over 
the range indicated and is not an estimate of absolute 
accuracy. 


DISCUSSION OF RESULTS 


We shall employ two general approaches in the treat- 
ment of the data. Firstly, we shall attempt to find a 
relatively simple mathematical function that will 
roughly express the net interaction between the rotating 
groups, and from which the observed dipole moment 
and its variation with temperature can be deduced. 
Secondly, we shall attempt to calculate from first 
principles a curve of potential energy of interaction 
between the groups as a function of azimuthal con- 
figuration, which can then be used either to establish 
qualitatively the reasonableness of the observed phe- 
nomena, or to compute the temperature variation of 
the dipole moment. 





A-4 
1.7 c+ 
B-! 
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TABLE I. Polarizations, molar refractions, and dipole moments. 








Compound Tt. XK P, cc p(X 1018) 
1,1,2-trichloroethane 381.0 59.4 1.45 
(Rp=25.85) 384.4 58.9 1.44 
388.2 59.0 1.45 
431.2 53.6 1.40 
431.8 54.0 1.41 
454.7 52.5 1.41 
476.2 51.4 1.41 
493.2 55.7 1.42 
530.4 49.5 1.43 
1,2-dichloropropane 344.7 63.1 1.46 
(Rp=25.60) 381.7 61.4 1.50 
393.8 61.8 1.53 
432.2 61.0 1.59 
465.6 60.3 1.63 
505.7 59.6 1.68 
2,3-dichloropropene 397.0 72.1 1.74 
(Rp=235.49) 434.0 68.2 1.74 
474.7 65.2 1.76 
517.9 62.4 1.77 
1,3-dichloropropene 397.2 74.8 1.79 
104° isomer 399.2 74.6 1.79 
(Rp=25.4) 478.3 65.5 1.78 
112° isomer 395.2 76.0 1.81 
(Rpo=25.5) 449.7 70.5 1.82 
502.7 65.0 1.81 
1,4-dichlorobutane 432.9 99.6 2.22 
(Rp=30.27) 468.7 94.8 2.23 
506.7 88.5 2.21 








For a 1,2-disubstituted ethane, one can write!® for 


the instantaneous dipole moment, 


u(¢)= A+B cos¢, 


where 


A=m+m2—2mymz cosh; cosbe, 


and 


B=2mymz sin@,; sin6s. 


(1) 































2. 1,1,2-trichloroethane. 
ee 


1035) P. Smyth and K. B. McAlpine, J. Chem. Phys. 1, 193 
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Fic. 1. Temperature dependence of dipole moments 
of chlorinated hydrocarbons. 


A: Experimental curves. 
B: Curves calculated from one-parameter analysis. 
C: Curves calculated by special functions. 
Molecules : 

1. 1,2-dichloroethane. 3. 1,2-dichloropropane. 


4, 2,3-dichloropropene. 


In these expressions, m; and mz are the group moments 
of the polar substituents on the two carbons assumed 
constant irrespective of internal configuration; these 
are located at angles 6, and @, to the direction of the 
C—C bond. ¢ is the azimuthal angle between the two 
group dipoles, zero at the cis- and 180° at the érans- 
position. From Eq. (1) it follows that the dipole 
moment measured for an assembly of molecules is 


p=[A+ Bicos@)w |}, (2) 


where (cos¢)w, the mean of cos¢ averaged over all the 
molecules, is given by 


f cosp exp| — V($)/RT ]d 
(cos)w= . (3) 


2r 


f expl-veo/RTve 





19 J. Y. Beach and D. P. Stevenson, J. Chem. Phys. 6, 635 


(1938). 
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TABLE II. Temperature variation of dipole moment and 
restricting potential energy. 











Ee yobs ust Vo (cal./mole) 

ClH2C —CH:CI8 32-271° 1.12-1.54 2.46 3215+ 2.9 percent 
BrHeC —CH:CI 66-163° 1.09-1.28 2.46 3900+ 1.5 percent 
BrHeoC —CH2Br® 66-163° 0.94-1.10 2.46 5090+ 1.6 percent 
ClzAHC —CH:Cl 105-258° 1.43 2.36 2820+10.5 percent 
ClhHC —CHCl2!0 128-163° 1.36 2.10 

ClH2C —CHCICH:; 71-235° 1.46-1.68 2.46 2500+ 2.2 percent 
ClH2C —CCl =CH2 125-245° 1.74-1.77 2.46 2075+ 7.7 percent 
ClH2C —CH:—CH:Cl 101-201° 2.07 2.36 

CIH2C —(CH2)2—CH2Cl 160-235° 2.22 2.60 








* Calculated for completely free internal rotation. 


Here, V(¢) represents the functional relationship that 
exists between the intramolecular potential energy and 
azimuthal angle ¢, T is the temperature, and R the gas 
constant. With V(¢)=(Vo/2)(1+cos@) as assumed in 
former papers on this subject,!*?°-*% Beach and Steven- 
son have shown that Eq. (3) can be evaluated analyti- 
cally as a ratio of Bessel functions with imaginary 
argument: 


iJ (iV 0/2RT) 


> 4 
J (iV 0/2RT) "7 





(cos)w= 


The value of the parameter Vo can thus be calculated 
by means of Eqs. (2) and (4) from an experimental 
value of the dipole moment at one temperature. This 
has been done for the substituted ethanes and propanes 
that show variation of dipole moment with temperature. 
If the one-parameter potential function assumed is an 
adequate representation of the actual energy relation- 
ship, the parameter for any one molecule should be 
independent of temperature and deviation from con- 
stancy may be taken as a measure of the inadequacy of 
the assumed potential function. In Table II the last 
column gives the mean values of Vo obtained from the 
moment values at several temperatures, as well as the 
deviation from constancy expressed as a percentage. 
The effect of using a larger group moment is to raise 
the calculated Vo. Thus, adopting a group moment of 
2.03 10~'* for —CH:Cl, Beach and Stevenson’® com- 
puted a Vo of 4000 cal./mole for 1,2-dichloroethane. 

It is evident from the small percentage variations in 
Vo that the simple potential function empirically repre- 
sents the facts for the disubstituted ethanes and 1,2- 
dichloropropane. The potential barrier in the 1,2-di- 
haloethanes increases regularly as bromine replaces 
chlorine, in qualitative agreement with the expected 
effect of the larger bulk of the bromine atom. Figure 1B 
shows the curves for dipole moment against temperature 
calculated by means of Eqs. (2) and (4), using the mean 
values of Vo tabulated in Table II for the chlorinated 


2S. Mizushima and K. Higasi, Proc. Imp. Acad. 8, 482 (1932). 
21 J. Y. Beach and K. J. Palmer, J. Chem. Phys. 6, 640 (1938) ; 
J. Y. Beach and A. Turkevich, J. Am. Chem. Soc. 61, 306 (1939). 
2 G. L. Lewis and C. P. Smyth, J. Chem. Phys. 7, 1085 (1939). 


*%K. S. Pitzer and W. D. Gwinn, J. Chem. Phys. 10, 428 


(1942). 
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hydrocarbons. The agreement between the experimental 
curves and those calculated is not bad for the 1,2-di- 
chloroethane and 1,2-dichloropropane. In the case of 
1,2-dichloroethane, the agreement is about the same if 
a two-parameter function 


V(b) = Vi cos¢+ V2 cos2o (5) 
is used, and the effects of the moments of inertia are 
included as done by Altar* (see curve C-1 of Fig. 1), 
a procedure now recognized‘ as leading to error. 

Since such a function as that in Eq. (5) has clearly 
the incorrect symmetry in the second term for repre- 
senting the interactions among the hydrogens on one 
carbon and the chlorine on the other, Gwinn and 
Pitzer* have adopted the form 


V(¢)=(Vi/2)(1—cos¢)+ (V3/2)(1—cos3¢), (6) 


from which they successfully calculate the heat capacity, 
entropy and dipole moment of 1,2-dichloroethane, using 
a partition function which is the weighted sum of the 
partition functions for molecules in the ¢rans and in the 
skew configurations. 

The Vo values from the one-parameter analysis give 
a satisfactory qualitative explanation for the observed 
magnitudes and temperature dependence of the dipole 
moments of 1,2-dichloroethane and 1,2-dichloropropane. 
However, the simple one-parameter function is not 
successful in the cases of 2,3-dichloropropene and 1,1,2- 
trichloroethane as is evident from Fig. 1. The case of 
2,3-dichloropropene is complicated by the presence of 
the double bond whose effect is difficult to evaluate. 
One group moment is lowered by resonance among 
structures, 


CH; Cl CH: Cl 
\ees a 
C-—C-H C-—C-—H 
\ O@ N 
Cl H cr H 


If we regard this effect as approximately independent 
of the azimuthal configuration of the —CH,Cl group, 
we may take as the constant group moment of the 


| 
CH.=C—Cl the gas value of vinyl chloride, 1.44 10-, 
instead of the 1.85 used in the calculation of Vp listed 
in Table II. This lower value of the group moment gives 
Vo=725 cal./mole+7 percent for 2,3-dichloropropene, 
which gives as low a degree of self-consistency as the 
former calculation. Hence, it is not an improper choice 
of group moment that produces the poor result, though 
it may well be the assumption of its constancy with 
azimuthal angle. In an attempt to find a potential 
function of the type in Eq. (6) that yields a calculated 
u—T curve in better agreement with the experimental 


4 W. Altar, J. Chem. Phys. 3, 460 (1935). 
aoan: D. Gwinn and K. S. Pitzer, J. Chem. Phys. 16, 303 
948). 
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TABLE III. Interaction energies (kcal./mole) 
for 1,1,2-trichloroethane. 





————— 
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TABLE IV. Molecules with temperature independent 
dipole moments. 








Interactions ¢ =0° 30° 60° 90° 120° 150° 180° 


Dipole-dipole 2.64 2.60 2.43 1.83 1.15 0.55 0.34 
Exchange 


repulsions 16.09 17.42 19.19 17.53 15.78 16.16 16.70 
vander Waals —2.47 -—2.97 -—3.46 -—2.60 ~—1.44 -—0.85 —0.69 
Induction —0.71 -—0.85 -—-1.00 -0.74 -042 -0.24 -—0.20 
Sum 15.55 16.20 17.16 16.02 15.07 15.62 16.15 








results we have tried several sets of values of the 
parameters V; and V3, and have obtained the best 
results with values of 2000 and 200 cal./mole respec- 
tively. The calculated »—T curve, using the potential 
function V (@) = (2000/2) (1+-cos@)+ (200/2)(1-+cos3¢), 
is shown in Fig. 1 (curve C-4), and it is evident that the 
agreement achieved is only slightly better than that 
obtained with the one-parameter function. This calcu- 
lation was performed with the aid of charts in an article 
by W. J. Taylor,”* written in connection with another 
problem, but making use of similar functions. 

The one-parameter analysis fits 1,1,2-trichloroethane 
even less well, since it leads to a monotonic rise of 
dipole moment with temperature whereas the experi- 
mental curve shows a flat minimum, amounting to but 
a slight departure from constancy, so slight as possibly 
to be due to an abnormal experimental error, not 
evidenced but shortly to be checked. Figure 1 (curve 
(-2) shows a p—T curve computed from Eqs. (2) and 
(3), and V() = (2080/2)(1+-cos@)+ (1260/2)(1+-cos3¢), 
the curves being made to match at 110°C. Taylor’s 
charts were used to evaluate the integrals. It is clear 
that the results are as poor as with the one-parameter 
function. Several other attempts were made to adjust 
the parameters in functions of the type of Eq. (6), as well 
as the type V(¢) = (V1/2)(1+cos@)+ (V3/2)(1—cos3¢), 
but not with good results. For example, evaluating 
graphically the integrals with V(¢) = (1100/2) (1+ cos) 
+(2100/2)(1—cos3¢) at T=383.2°K, and using 
m(CH,Cl)=1.85 and m(CHCI,)=1.57, one obtains 
u=1.89, rather than the experimental value 1.45. This 
V(¢) was employed because it is an approximate alge- 
braic expression of the potential energy vs. @ curve 
computed by intramolecular interactions as described 
below. 

The moment variation of 1,1,2-trichloroethane is so 
slight that it might well be considered with those of the 
molecules in Table IV. The potential energy curve calcu- 
lated by Turkevich and Beach?’ and found consistent 
with their electron diffraction results has been recalcu- 
lated with the addition of the attractive energy due to 
the inductive effects of the permanent dipoles upon the 
polarizable atoms and the attractive energy due to dis- 
persion interaction. The calculated interaction energies 
in Table III give a curve similar in general form to that 
of Turkevich and Beach. 


*W. J. Taylor, J. Chem. Phys. 16, 257 (1948). 


A939; Turkevich and J. Y. Beach, J. Am. Chem. Soc. 61, 3127 





Temp. range, Dipole moment 
™ X10 
1,1,2,2-tetrachloroethane* 128-163 1.36 
1,3-dichloropropane* 101-201 2.07 
1,4-dichlorobutane 160-235 2.22 
1,3-dichloropropene 
104° isomer 124-205 1.79 
112° isomer 122-230 1.81 








* See reference 10. 


Quantitative calculations with these energies and 
also with a second set of values obtained by choosing 
0.15 as the ratio of coulombic to exchange energy 
instead of 0.20 as in the first set of values fail to repro- 
duce the moment values satisfactorily. Qualitatively, 
it appears that the explanation of the absence of any 
considerable variation of moment with temperature is 
similar to that offered previously” in the case of 1,1,2,2- 
tetrachloroethane, namely, the inability of the mole- 
cules to pass in considerable numbers from potential 
minima corresponding to moderate moment values 
over high barriers to positions of higher energy and 
higher moment. 


Molecules with Temperature Independent 
Dipgle Moments 


Table IV lists the molecules whose dipole moments 
might be expected to be temperature sensitive but 
which are found to be constant over the temperature 
range investigated. The reason for expecting a variation 
of moment with temperature is that for each molecule 
there is hindered rotation between two groups, each 
of which carries an unbalanced dipole. In general, if 
the experimental temperature range were great enough, 
a variation of dipole moment would be evident for each 
of the five molecules in the table. The only exception to 
this is the /rans-isomer of 1,3-dichloropropene, as will 
be explained below. From a consideration of the inter- 
actions among the chlorines in 1,1,2,2-tetrachloroethane, 
Smyth and McAlpine” have shown why it is reasonable 
to expect only a small increase in the dipole moment 
for this molecule in the short temperature range 
available. 

The case of the isomers of 1,3-dichloropropene is 
interesting in that the measured vapor dipole moments 
do not serve to identify the isomers as the cis- or trans- 
stereoisomers. From a study of the Stuart models of 
these molecules one can see qualitatively why the two 
measured dipole moments should be so similar. In the 
trans 
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isomer the C—C axis of rotation is parallel to the 
fixed C—Cl vector. Hence one would expect a net 
dipole moment practically independent of temperature, 
whether or not the hindrance to the internal rotation 
be large, small, or varying strongly with azimuthal 
angle. If the value 1.44 is assigned to the moment of 
the C—Cl dipole adjacent to the double bond and 1.85 
to the other C—Cl moment with an angle of 110° 
between the directions of the two dipole axes, a re- 
sultant moment 1.92 is calculated for the molecule. The 
discrepancy between this calculated value and the 
observed, 1.79 or 1.81, is less than the possible error 
resulting from uncertainties in the bond moment values. 
In the cis-molecule, a very large potential energy should 
exist in the position @¢=0° (¢=0° when the two 
chlorines are in closest proximity), a minimum energy 
at 180°, and two shallow minima not far from 80-90° 
and 270-280°. The positions of maximum moment, 
which are virtually excluded because of their high 
potential energies, lie not far from ¢=0°, while the 
minimum moment, about 1.210~'*, should occur at 
¢= 180°. The moment value corresponding to the two 
shallow minima is calculated to be about 2.5, if one 
neglects mutual inductive effects, which would lower 
the resultant moment somewhat. To push a consider- 
able number of molecules to positions in the neighbor- 
hood of ¢=0° would require a ‘temperature above that 
usable in the present measurements, while the variation 
in energy between the angles 80° and 280° is so small 
that a moderate change of temperature does not greatly 
alter the moment distribution. The absence of meas- 
urable moment variation in the rather limited tempera- 
ture range obtainable is, therefore, not surprising, and 
the observed moment value, 1.79 or 1.81, is of the 
magnitude to be expected. 

A factor which has not been considered in the dis- 
cussion of the three unsaturated molecules is the possible 
introduction of some double bond character into the 
single carbon-carbon bond by resonance contributions 
arising from the presence of the double bond. Such 
double bond character would tend to introduce new 
potential barriers restricting rotation or alter the heights 
and locations of the barriers arising from steric and 
electrostatic effects. This would generally tend to re- 
duce the variation of moment with temperature over 
the limited range experimentally attainable. In the cis- 
1,2-dichloropropene molecule, the near approach of the 
two chlorines for values of @ not far from zero would 
tend to stabilize the resonating structure with a positive 
chlorine and thus reduce the high moment of this 
configuration. Induction between the two adjacent 
C—Cl dipoles would also lower the moment of this 
configuration. Insofar‘as these positions were occupied 
to an appreciable extent, these two effects would tend 
further to reduce any increase of moment with rising 
temperature. 


R. A. ORIANI AND C. P. SMYTH 


1,3-dichloropropane and 1,4-dichlorobutane have re- 
spectively two and three degrees of internal restricted 
rotation. If there were completely free internal rotation 
about each of the bonds, we would expect the sig- 
nificantly larger moments given yy in Table IT. In view 
of the uncertainty in the assignment of group moments 
in these molecules, no great significance should be 
attached to the numerical discrepancy between the 
moment for free rotation wy and the experimental 
values. However, in going from the two-carbon to the 
three-carbon molecules having terminal polar groups, 
the discrepancy us— obs decreases considerably. This is 
due to the decrease in polar group interaction caused 
by their greater average separation.!*** In the 1,4-di- 
chlorobutane we would expect much less interaction 
between the terminal C—Cl groups, since here they 
are separated by two methylene groups. Were there no 
other type of interaction then we would look for 
Ls— Mobs=0 in the butane. Another interaction is that 
which occurs between the methylene groups in long 
paraffin chains. Taylor®* has shown that, if one accepts 
the planar ¢rans-configuration of three successive car- 
bons in a paraffin chain as the most stable, as shown by 
x-ray analysis on crystalline normal paraffins, the 
existence of the restricted rotation at each C—C bond 
causes a greater contribution to the average configura- 
tion from the extended forms than would occur if there 
were completely free rotation. In 1,3-dichloropropane, 
this paraffin-like interaction may make itself felt and 
give greater prominence to the zig-zag configuration, 
for which the two C—Cl moments are on the same side 
of the chain. In 1,4-dichlorobutane, the paraffin-like 
interaction may well be the predominant one, but here 
the extended zig-zag configuration brings the C—C] 
moments more into opposition. Consequently, the con- 
sideration of the paraffinic interactions alone would 
lead one to expect a larger us—povs for the 4-carbon 
compound than for the 1,3-dichloropropane. 

It will be noted that no quantitative account has 
been taken of variation of inductive effect with azi- 
muthal angle. When change in azimuthal angle brings 
two C—Cl dipoles close together, their moments are 
lowered by mutual induction. Even when the two 
dipoles are far apart, the angle made by the axis of the 
resultant moment of the C—Cl dipole and its environ- 
ment with the adjacent C—C bond is actually some- 
what different from the assumed 110° and may change 
a little with change in azimuthal angle. The more 
important effect of lowering of moment by mutual 
induction cannot be calculated with accuracy. The 
effect would be partially compensated by the use of 
a somewhat lower moment value, which would in- 
correctly average the effect over the whole 360° varia- 
tion of the azimuthal angle, but would give lower 
calculated potential barriers and moment variations, 
more nearly as observed. 


% C. P. Smyth and W. S. Walls, J. Chem. Phys. 1, 200 (1933). 
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Reduced Temperatures for the Liquid State. General Equations for the Orthobaric 
Densities as Functions of the Reduced Temperature 
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The reduced temperature @ proposed by Bauer, Magat, and Surdin for the liquid state is presented and 
their work is reviewed. Attention is directed to the fact that a number of empirical power law equations that 
represent the variation of a property of a liquid as a function of the van der Waals reduced temperature are 
directly transformable into analogous functions of 6. General equations are derived for the variation of the 
orthobaric liquid and vapor densities as function of the reduced temperature. 





N developing the concept of corresponding states for 

liquids it has been customary to employ as the 
temperature scale the familiar reduced temperature 
T,=T/T,.. A number of years ago, however, Bauer, 
Magat, and Surdin’ defined a new reduced temperature 
for liquids and undertook to show “that the use of this 
new variable simplifies the study of the static properties 
of liquids in the same way as the reduced variables of 
van der Waals do for gases.’’ The reduced temperature 
of Bauer, Magat, and Surdin is defined: 


6=(T—T;)/(T.—Ty), (1) 


where T is the Kelvin temperature; 7,, the critical tem- 
perature; and 7;, the melting point temperature, or 
more correctly, the triple point temperature. As can be 
seen the reduced temperature @ assumes all values be- 
tween 0 and 1, as the temperature of the liquid varies 
from Ty to T,. According to an abstract, another group 
of investigators, Sibaiya and Rao,? have also hit upon 
the idea of the reduced temperature @ and are reported 
to have described it as a “new reduced temperature.” 

Bauer, Magat, and Surdin based the validity of their 
reduced temperature @ on a limited number of empirical 
tests which they carried out as follows. For a given 
property of a liquid P, values of the ratio P,/P; (P:, 
value of property P at temperature T; P;, value of 
property at triple point temperature) for a number of 
different liquids were plotted against 6-values corre- 
sponding to temperature T. In a graph constructed in 
this way for molecular volumes the plotted points for 17 
different liquids were shown to fall closely on a common 
curve for which the authors established the following 
empirical two-constant formula: 


V ./(Vs—1) =3.36[1— (1— 0) 2°]. (2) 


(Two liquids, H, and HO, were found to be represented 
by a curve similar to, but slightly lower than, the main 
curve in the graph.) Combining their relationship with 
the Eétvés law for surface tension, Bauer, Magat, and 





* Present address: Graduate School, Northwestern University. 
‘Bauer, Magat, and Surdin, “A discussion on structure and 
on forces in pure liquids,” Trans. Faraday Soc. (September 
,» p. 81. 
*L. Sibaiya and M. R. Rao, Curr. Sci. 8, 359 (1939). 
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Surdin derived an expression for the variation of surface 
tension with @ which they showed graphically to hold for 
the so-called normal liquids. In a plot of values of the 
ratio of compressibilities 6/8; for 10 different liquids 
against corresponding 6-values it was found that the 
plotted points fall on a common curve for which an 
empirical equation was also established. An analogous 
test of the specific heat was made with data for only 5 
liquids. In the case of this property the curves for mono- 
and diatomic liquids have the same general shape, but 
the difference between C, values, for the same @ is about 
2 calories, as it is for perfect gases. Bauer, Magat, and 
Surdin sought to extend their method to the dynamical 
properties, viscosity and heat conduction, but found 
that the points for each liquid formed a separate curve 
rather than a common one. 

The primary purpose of this note is to call attention to 
the fact that simple functions involving the reduced 
temperature T/T, can be transformed readily into 
functions involving the reduced temperature 6. We shall 
consider here only one case. The variation of many 
properties of liquids have been found to be representable 
by an expression of the form 


P= P,(1—T/T.)", (3) 


where the power index is a general constant dependent 
only on the property being represented; and Po is a 
constant characteristic of each substance. Now at the 
triple point temperature T; Eq. (3) becomes 


P;=P)(1—T;/T-.)*. (4) 
Dividing (3) by (4) we get 
P/P;=((T.—T)/(T-—T;) }*. (5) 
Since 
T.—T;=(T.—T)+(T—T), (6) 


the right-hand term of (5) can be rearranged as follows 


P/P;=((T.- T;)/(T.— T;) 
—(T—T;)/(T-—T;) }"=(1—9)". (7) 


Empirical power law expressions of the type shown in 
Eq. (3) are known for the following properties of liquids: 
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orthobaric densities,* surface tension,‘ compressibility,® 
internal latent heat,® total latent heat,® and viscosity.’ 
In the expression for a given property the power-index is 
found to differ little in value from liquid to liquid, and is 
generally regarded as a constant. These expressions for 
the different properties of liquids, therefore, can all be 
transformed directly into expressions of the type of 
Eq. (7) in which, for a given property, the ratio P/P, 
for all liquids is represented by a single general function 
of 0. 

In passing it may be noted that it should be possible 
to invent other reduced temperature scales, analogous 
to the 6-scale, for functions of the type shown in Eq. (3). 
Obviously, however, no such scale for liquids would have 
the same general significance or usefulness as the @-scale 
of Bauer, Magat, and Surdin. 

It will be of interest to indicate the derivations for two 
expressions representing the variation of the orthobaric 
liquid and vapor densities in terms of the reduced tem- 
perature 6. The starting point of the derivation is the 
Verschaffelt equation 


(D-d)=Dl1—(T/T)Y (8) 
where D is the density of the liquid and d, the density of 
the vapor in equilibrium with the liquid, at temperature 
T ; Do is a constant, and 7, is again the critical tempera- 
ture. This empirical equation has had a rather curious 
history. It was originally proposed by Verschaffelt* who 
set n= 4, and had in place of the constant Do, the term 
mD, (m= a general constant, and D,.= the density of the 
substance at the critical temperature). Goldhammer,' 
from a rather extensive test of Verschaffelt’s relation- 
ship, concluded that, while n=}, the other constant m 
was a variable which varied slightly from substance to 
substance. Sugden derived the expression (8) from van 
der Waals’ relationship between surface tension, and 
MacLeod’s relationship between surface tension and 
(D—d). Sugden’s derivation made n=;°5. Without any 
reference to Sugden’s work Ferguson and Miller® 
derived, by the same route, Sugden’s equation with 
n= ;*5 ; for their purposes, in place of Do, they wrote 4D.. 
Recently, Guggenheim,’ from considerations relating to 
the principle of corresponding states derived Eq. (8) 
with n=3 and Dp=7/2D,. Apparently Guggenheim was 
unfamiliar with the previous history of this relationship, 
for he refers to his equation as “new” and one which, on 


3 J. E. Verschaffelt, Communication of Leiden, No. XXVIII 
(1896) ; S. Sugden, J. Chem. Soc. 1780 (1927) ; D. A. Goldhammer, 
Zeits. f. physik. Chemie 71, 577 (1910). 

4A. Ferguson, Phil. Mag. 31, 37 (1916); A. Ferguson and S. J. 
Kennedy, Trans. Faraday Soc. 32, 1474 (1936). 

5 Unpublished studies with James G. Wendel. 

6 For discussion of these functions see article by W. J. Jones and 
S. T. Bowden, Phil. Mag. 37, 480 (1946). 

7 The power-law function for viscosity takes the form (n—7n-) 
=(no—n-)(1—T/T.)"; W. J. Jones and S. T. Bowden, Phil. Mag. 
36, 705 (1945) ; see also reference 6. 

a 034) Ferguson and J. T. Miller, Proc. Phys. Soc. London 46, 140 

934). 
°E. A. Guggenheim, J. Chem. Phys. 13, 253 (1945). 
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certain occasions, “in view of its extreme simplicity and 
surprisingly high accuracy has much to recommend it.” 

A decision as to the correct value of the exponent n js 
complicated by Sugden’s manner of treating the equa- 
tion. Having accepted ;°5 as the correct value of the 
exponent Sugden adjusted the value of T, in order to get 
the best representation of the experimental data by his 
equation. In the case of “unassociated” liquids the 
differences between the experimental and adjusted 7, 
values were quite small, the maximum difference not 
exceeding 5°C. In the case of associated liquids the 
differences were of the order of 15°C. For the time being 
the present writers are inclined to accept 7% as the best 
value of the power index and also to recommend 
Sugden’s scheme of using the adjusted T, values where 
these can be established conveniently. It is recognized, 
of course, that a thorough study of the Verschaffel 
equation is desirable and that this might lead toa 
modification of the views expressed above. 

Equation (8) can be transformed, as shown above, 
into the expression 


















(D—d)/(D;—d;) = (1—8)”, (9) 








where D; and d; are the densities of the liquid and vapor, 
respectively, at the triple point. Since for most liquids d, 
would be negligible relative to the density of the liquid 
at the triple point D;, the denominator of the left-hand 
member of the expression can be written simply as Dj. 
If we may assume a constant value for the index » for 
all liquids, we have the striking result that the variation 
of the difference between the orthobaric densities with 
temperature is represented by a simple general function 
of @ in which D; is the only constant characteristic of a 
particular liquid. 

When D/D; and d/D; values of a substance are 
plotted as abscissae against corresponding 6-values as 
ordinates, the resulting graph resembles the familiar 
plots of orthobaric densities given in textbooks to 
illustrate the law of rectilinear diameters. In a plot of 
this kind the mean density is given quite accurately by 
a linear relationship which is derivable from the familiar 
approximate equation of Cailletet and Mathias: 


1(D/D;+d/Dy;) =dm/D;=0.5— Ko. 




















(10) 






But plots of D/D; and d/D; values for different sub- 
stances against 6-values do not yield one common curve 
because of small differences in values of the constant K 
in (10). The nature of the differences in K can be seen 
from the fact that at the critical temperature 9=1, and 
dm becomes D,, giving for the constant K 










K=0.5—D,/Dy. (11) 








Values of the term D,/Dy; for representative liquids fall 
within the narrow range, 0.31 to 0.38. The constant K 
will, therefore, have a value 0.12-0.19, depending on the 
liquid. 
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If we combine Eqs. (9) and (10), by adding and 
subtracting, we get 


D/D;=3[1—2K0+ (1—8)"], (12) 


and 


d/D,=3[1—2K0—(1—6)"]. (13) 


It appears, therefore, that D/D,; for all liquids is 
represented by the same function of the reduced temper- 
ature 6 with only the single constant K being charac- 
teristic of the liquid, assuming, as was discussed above, 
that the exponent 1 is identical for all liquids. The same 
is true for the vapor density ratio d/D;. If values of 
D/D;+-K@ and d/D;—K@ are plotted as abscissae 
against corresponding 6-values, the plotted points 
should fall on a symmetrical curve represented by 
0.5[1+(1—6)"]. This fact suggests the possibility of a 
graphical method for establishing the value of K. 

An approximate expression for the characteristic 
constant K in terms of characteristic properties T, and 
T, of the liquids can be derived by the following argu- 
ment. Assuming again that the density of the vapor of a 
liquid is negligible at the triple point, Eq. (8) can be 
written in the form 


D;/Do=((T-— T;)/T.]". (14) 


Now, in his work with Eq. (8), (w=;%5), Sugden found 
the following relationship to hold for all the liquids 
included in his study 


D.=0.27Dp. (15) 


Assuming this to be a general relationship we can obtain 
from (15), (14), and (11) the following expression for the 
constant K: 


K=0.5—0.27[T./(T.—T;)]" (16) 


which relates K to the limits involved in the definition 
of 6. 

Since Eqs. (12) and (13) were derived from the 
Verschaffelt equation and the law of rectilinear diame- 
ters, with the temperature expressed as the reduced 
temperature 0, it might be expected that similar equa- 
tions would already have been deduced with tempera- 
tures expressed in the form of van der Waals’ reduced 
temperatures. So far as the writers are aware this has 





been done only by Ferguson and Miller. They derived 
an expression for D/D, as a universal function of T/T, 
and pointed out that a relation for d/D, could be ob- 
tained in a similar manner. The equation of Ferguson 
and Miller can be transformed into a function of @ 
identical in form to our Eq. (12). The values of the 
constant factors in the two expressions are not sus- 
ceptible to a simple comparison. It is significant, how- 
ever, that Ferguson and Miller, using n= ;5, found their 
equation to represent satisfactorily the density data for 
thirty organic liquids. Only in the case of alcohols did 
the value of ;°5 for the power index seem unsuitable. It 
was with this class of liquids, it will be recalled, that 
Sugden found a significant adjustment of 7, to be 
necessary. 

Equations similar to our Eqs. (12) and (13) have been 
presented recently by Guggenheim.® Starting on the 
assumption that the principle of corresponding states 
would lead one to expect D/D, and d/D, to be universal 
functions of 7/T., Guggenheim developed empirical 
expressions to represent the experimental data for 
argon. His empirical formulas, Guggenheim points out, 
portray fairly well the experimental data of the other 
inert gases and also oxygen and nitrogen, but do not fit 
particularly well the data of carbon monoxide and 
methane. Although Guggenheim’s formula is quite 
similar in form to that of Ferguson and Miller, he makes 
no reference to the work of these investigators. Both of 
Guggenheim’s expressions can be transformed into 
functions of @ identical in form to Eqs. (12) and (13) but 
with n=4. The limited evidence which Guggenheim 
adduces in support of his value of does not, in our 
opinion, outweigh the evidence assembled by both 
Sugden, and Ferguson and Miller in support of the value 
of ;°5 for that exponent. 

The results presented in this article increase con- 
siderably the number of those properties of liquids whose 
variation with temperature can each be represented by a 
general function of the reduced temperature @, and so 
lend further support to the view, “There is only one 
simple liquid.”” An examination of the further implica- 
tions of these results and also of the transformability 
of the functions from the van der Waals’ scale of reduced 
temperature to the 6-scale will be taken up in a subse- 
quent note. 
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Fluorescence and phosphorescence spectra, phosphorescence lifetimes, and relative ratios of inten- 
sities of fluorescence to phosphorescence of the dibenzoylmethane derivatives of the trivalent ions of 
Al, Sc, Y, La, Gd, and Lu have been measured. The lifetimes and intensity ratios of the various 
compounds differ widely, while the spectra are very similar. For instance, although the Lu and Gd com- 
pounds have practically indistinguishable phosphorescent spectra, the lifetimes of their phosphorescences 
differ by a factor of fifty. The results are interpreted in terms of Lewis’s triplet theory of the phosphorescent 
state and spin-orbit perturbation of the levels. The largest effect is produced by the paramagnetic gado- 
linium ion. The effects produced by the non-magnetic ions depend on their nuclear charge and on their elec- 


tronic structure. 





HE existence of metastable excited states in many 

organic molecules is revealed by the long-lived 
luminescences which they exhibit under suitable condi- 
tions. Lewis and co-workers! suggested that these ex- 
cited states differ in multiplicity from the ground states 
and that prohibition of transitions between states of 
different multiplicity is responsible for the observed 
metastability. For one substance, the acid form of 
fluorescein, the molecules in the metastable state are 
paramagnetic and the observed magnetism is com- 
patible with a triplet configuration.” For other molecules 
Lewis and Kasha* showed that the energy of the meta- 
stable level corresponds reasonably well with the energy 


estimated for the lowest lying triplet state. 


In the compounds investigated by Lewis and Kasha 
the transition probabilities from metastable to ground 


state were estimated from lifetimes of the luminescence 
of the substances dissolved in rigid media at low tem- 


peratures. These transition probabilities ranged from 
about 10° sec.! for certain ketones to 1 sec. for 
fluorescein. In the work heretofore published no reasons 


for the variations in transition probabilities were given, 
but subsequent work by McClure’ and Kasha‘ on life- 


TABLE I. Mean lifetimes of phosphorescence 
in EPA and alcohol. 











Z of metal 
Compound ion t (seconds) in alcohol + (seconds) in EPA 

Al 13 0.70 +0.05 0.50+0.05 
Sc 21 0.39 +0.05 0.30+0.05 
¥ 39 0.24 +0.05 0.24+-0.05 
Lu 71 0.10 +0.03 0.12+0.03 
La 57 0.06 +0.01 0.09+0.01 
Gd 64 0.002 +0.0005 








* E. I. du Pont de Nemours and Company Fellow (1948-1949). 
1 Lewis, Lipkin, and Magel, J. Am. Chem. Soc. 63, 3005 (1941); 
G. N. Lewis and M. Kasha, ibid. 66, 2100 (1944); G. N. Lewis 
and M. Kasha, ibid. 67, 994 (1945). 
2 G. N. Lewis and M. Calvin, J. Am. Chem. Soc. 67, 1232 (1945). 
uses N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 2100 
4D. S. McClure, J. Chem. Phys. (to be published). 
5 hed) Kasha (University of California, Berkeley) (to be pub- 
S. ° 
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times in a series of halogen-substituted naphthalenes 
has indicated that spin-orbit interaction is involved. 

If the absence of spin-orbit interaction, each level 
may be described by a wave function which is the 
product of an orbital function and a spin function of 
unique multiplicity. Since the integrals which determine 
transition probabilities vanish for pairs of functions of 
different multiplicity, the “intercombination’’ pro- 
hibition is exact only when spin-orbit interaction does 
not exist. It is possible to approximate the actual wave 
function of a level as a sum of wave functions, subject to 
the limitation that the sum transform properly under 
the symmetry group of the system. The various con- 
ponents of such a sum are not, in general, of the same 
multiplicity. The level is usually classified according to 
the multiplicity of the principle constitutent in this sum 
although certain transition probabilities may be de- 
termined entirely by the minor constituents.® 

The admixture of wave functions of multiplicity 
different from the “multiplicity” assigned to a level, 
and the consequent apparent violation of the inter- 
combination prohibition increases with increasing mag- 
nitude of the spin-orbit interaction. Thus the triplet- 
singlet transition *P;—'So in atomic Mg where the 
spin-orbit interaction is about 30 cm has a transition 
probability of 2.510? sec. while the corresponding 
transition in atomic Hg with a spin-orbit interaction of 
about 3000 cm~ has a transition probability of 10' 
sec.!. The magnitude of the spin-orbit interaction is 
determined by the way in which the spin dependent 
part of the energy varies with position of the electrons. 
The interaction in atoms depends on the nuclear charge, 
Z. At positions close to the nucleus there is a high elec- 
tric field with a consequent high magnetic field in the 
reference system of a moving electron, whereas at posi- 
tions distant from the nucleus this effect is small. The 
perturbation may be described as the interaction of the 
magnetic moment of a spinning electron with the non- 
uniform magnetic field associated with the motion of 

6 This topic is fully covered in treatises on spectroscopy such 


as E. U. Condon and G. Shortley, Theory of Atomic Spectra (The 
Cambridge University Press, New York, 1935). 
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Fic. 1. Logarithmic decay curves of phosphorescence of 
dibenzoylmethane derivatives. 


the electron through the electric field of the nucleus and 
other electrons. In general, any non-uniform magnetic 
field introduces a spin-orbit term into the Hamiltonian, 
ie. a term which makes the spin energy dependent on 
the position of the electron. 

In this paper we shall describe the effects of introduc- 
tion of perturbations on the luminescence of an organic 
molecule. A series of trivalent metal complexes of 
dibenzoylmethane possess similar luminescence spectra 
but have widely varying phosphorescence lifetimes. The 
ratio of fluorescence intensity to phosphorescence in- 
tensity also varies greatly from compound to compound 
in the series. The above differences we shall attribute 
to interactions between the optical electrons of the 
molecules and the fields of the metal ions. 


EXPERIMENTAL OBSERVATIONS 


The series which we have studied consists of the di- 
benzoylmethane derivatives of the trivalent ions of Al, 
Sc, Y, La, Gd, and Lu. These compounds are charac- 
terized by a chelated structure with three dibenzoyl- 
methide ions surrounding the central metal ion. The 
six oxygen atoms are presumably at the corners of an 
octahedron.’ In all of these compounds the first excited 
state of the trivalent metal ion lies considerably higher 
than the levels responsible for the luminescence of the 
metal organic complex. Dilute solutions of the com- 
pounds in glasses of either ethyl alcohol or EPA® at 
liquid air temperatures when exposed to ultraviolet 
tadiation (3200-4000A) give similar light emission. 
This luminescence varies in color from green in the 
Gd compound to blue in the Al compound. In all cases, 

™W. T. Astbury, Proc. Roy. Soc. (London) 112, 448 (1928). 


*A mixture of ether, alcohol, and isopentane described by Lewis 
and co-workers, J. Am. Chem. Soc. 64, 2801 (1942). 
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however, the after-glow is green but varies in lifetime— 
the lifetimes of the Al, Sc, Y, Lu, La, and Gd compounds 
decrease in the order as written. The fluorescence of 
these solutions is blue and the difference in color of the 
luminescence is due to varying ratios of fluorescence to 
phosphorescence. We have studied both phosphores- 
cence lifetimes and the ratio of phosphorescence to 
fluorescence intensity in these compounds. The quan- 
tum yield of luminescence in all cases is high; a com- 
parison with fluorescein indicates the quantum yield 
to be close to unity. Hence, the differences in lifetime 
which we shall describe cannot be produced by quench- 
ing. Compounds whose phosphorescence lifetime differs 
by a factor of several hundred have almost identical 
luminescence yields. 


Phosphorescence Lifetime Measurements 


For our measurements of lifetime we used a modified 
Becquerel phosphoroscope which consisted of two disks 
mounted on a common shaft which could be rotated at 
either 45 r.p.m. or 1800 r.p.m. depending-upon the speed 
of the motor attached. The first disk had cut in it a 
120° sector of an annulus while the second disk had cut 
in it a 1° sector of an annulus. The angle between the 
openings on the two disks could be changed so that the 
time elapsed between cutting off the exciting light and 
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Fic. 2. Energy levels of dibenzoylmethane derivatives listed 
according to decreasing lifetime from left to right. 
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Fic. 3. Densitometer tracing of combined fluorescence 
and phosphorescence of Al derivative. 
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Fic. 4. Densitometer tracing of combined fluorescence 
and phosphorescence of Sc derivative. 
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Fic. 5. Densitometer tracing of combined fluorescence 
and phosphorescence of Y derivative. 


observation of phosphorescence could be varied. For 
measuring the intensity of phosphorescence of 1-P-22 
RCA photo-multiplier tube was used in conjunction 
with a galvanometer. In order to obtain a steady reading 
of the galvanometer a condenser and resistance of time 
constant of about 10 sec. were included in the circuit. 
The phosphorescence lifetime of each of the samples 
studied was measured at liquid air temperatures in both 
ethyl alcohol and EPA. The lifetimes of the Al, Sc, Y, 
Lu, and La compounds were measured with the wheel 
rotating at 45 r.p.m., while the Gd compound measure- 
ment was taken at 1800 r.p.m. The results of these 
measurements are shown in Table I and Fig. 1. 
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Luminescence Spectra 


Two kinds of spectrograms were taken—phosphores- 
cence alone and phosphorescence and _ fluorescence 
combined. The procedure used to obtain the combined 
phosphorescence and fluorescence spectra was the 
following: Light from a high pressure mercury arc 
(G.E. A-H-6) was focused on the sample contained in a 
12 mm Pyrex tube immersed in liquid Ne in a clear 
Pyrex Dewar. The visible light was removed from the 
exciting beam by a Corning 5860 filter and the lumi- 
nescence from the sample was photographed on a 
Steinheil 3-prism spectrograph. In all the tracings 
shown Eastman 103-F spectrographic plates were used. 
In order to obtain phosphorescence spectra alone a 
suitable phosphoroscope was included in the above ap- 
paratus in such a way that the spectrograph was ex- 
posed only to afterglow. In Figs. 3 through 11 are given 
the densitometer tracings of the spectra of phosphores- 
cence and in some cases the spectra of phosphorescence 
and fluorescence of these compounds dissolved in EPA. 
The spectra were also taken in alcohol but differ little 
from those reproduced in the figures. Liquid nitrogen 
was used as coolant for all these photographs to elimi- 
nate interference from absorption in. the visible due to 
oxygen. 


Intensity Measurements 


The determination of the relative fluorescence to 
phosphorescence intensity ratios for the various com- 
pounds was made in the following way: First, a measure- 
ment was made of the sum of the fluorescence and phos- 
phorescence intensities during illumination, and then, 
an estimate of the phosphorescence intensity alone 
during illumination was made by a suitable extrapola- 
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Fic. 6. Densitometer tracing of phosphorescence 
of Al derivative. 
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tion of the intensity of phosphorescence determined at 
a known time after cessation of illumination. 

The detailed procedure follows: For these intensity 
measurements the phosphoroscope was modified slightly. 
One of the disks now had a 320° sector of an annulus 
cut in it, and the second disk had, the same as before, a 
1° sector of an annulus cut in it. The apparatus was 
changed in this manner to allow the sample to be ex- 
posed to the exciting light as long as possible and to 
allow the phosphorescence to decay as little as possible 
so that steady-state conditions are reached. The disks 
were arranged so that a measurement was taken with 
the exciting light on and the wheel turning at 45 r.p.m. 
This measurement included both phosphorescence and 
fluorescence. In order to eliminate all exciting light a 
Corning 5860 filter was used on the exciting light and a 
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Fic. 7. Densitometer tracing of phosphorescence 
of Sc derivative. 


flat filter of dibenzoylmethane dissolved in alcohol was 
placed between the luminescing sample and the photo- 
multiplier tube. The next measurement was made on the 
phosphorescence at some known time from zero. The 
lifetime of the phosphorescence had already been de- 
termined and the intensity of phosphorescence at zero 
time was estimated by extrapolation. This value is sub- 
tracted from the first reading and the ratio of these two 
is the quantity R listed in Table II. 

The R values listed in Table II are not absolute values 
of the ratio of fluorescence to phosphorescence intensity. 
However, under the assumptions listed below, these R 
values differ from the absolute values only by some un- 
determined constant factor. This constant arises because 
the photo-multiplier tube does not have the same re- 
sponse to the phosphorescence spectra as it does to the 
fluorescence spectra. 
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Fic. 8. Densitometer tracing of phosphorescence 
of Y derivative. 


(1) The only appreciable non-radiative process taking place at 
this low temperature is the transition from the fluorescent to 
phosphorescent state (transitions from the phosphorescent to 
fluorescent state do not take place since no fluorescence spectra are 
observed in the afterglow). 

(2) The measuring photo-multiplier tube responds approxi- 
mately the same to all the phosphorescences and the same to all 
the fluorescences of this series (their spectra are very much alike). 

(3) Steady-state conditions are attained. 


A simple calculation using these assumptions leads to 
the result: 
Ri/R2= k2/ki, 


where R; and R:2 are the values listed in Table II for 
compounds 1 and 2 respectively and k; and kz are the 
radiationless transition probabilities from the F to P 
state in compounds 1 and 2, respectively. 


DISCUSSION 


The energy level diagrams obtained from fluorescence 
and phosphorescence spectra and shown in Fig. 2 are 
quite similar. The spacing of the low lying levels (pre- 
sumably due to vibrations) is approximately the same in 
all cases while there are small shifts in the phosphores- 
cent levels. The positions of these phosphorescent levels 
are given in Table III and it can be seen that the shift in 
going from the Al compound to the La compound is 
about 700 cm. There is little correspondence between 
the lifetime of phosphorescence and position of the 
phosphorescent level. This can be seen from the life- 
times of the Y, Lu, and Gd compounds whose phos- 
phorescent levels lie at the same position and whose 
lifetimes vary greatly. 

The position of the phosphorescent level (in this 
series) seems to be determined only by the size of the 
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Fic. 9. Densitometer tracing of phosphorescence 
of Lu derivative. 


metal ion involved and not by its atomic number, Z. 
Because of the lanthanide contraction, although Z 
changes by 32 in going from Y to Lu, the size of the ion 
is constant and the position of the phosphorescent level 
in these two cases is the same. On the other hand, the 
lifetime of phosphorescence shows drastic changes in 
going from the Al compound to the Gd compound. The 
great change in lifetime in going from the La compound 
to the Gd compound may be attributed in great part 
to a perturbation due to the inhomogeneous field of the 
paramagnetic Gd ion, while the change in lifetime in the 
remainder of the series may be attributed to perturba- 
tions due to spin-orbit interactions described previously. 
In all cases, even in the Gd case, the perturbation need 
not be large to account for the lifetime. 

If we suppose that the fluorescent state has a life- 
time of about 5X10-° sec. (absorption corresponding 
to transitions between ground and fluorescent levels are 
very strong) even in the Gd compound with a lifetime 
of 210- sec. a-“‘contamination’”® of a triplet phos- 
phorescent level by only a few tenths of a percent of the 
singlet fluorescent level is sufficient to produce the 
observed transition probability. The perturbation re- 
quired is only about 10 cm™, and crude considerations 


® The “contamination” here described is a type of resonance 
which has been excluded from most chemical thinking. This is a 
resonance between configurations having different numbers of 
unpaired electrons. Even in the extreme case of the Gd compound, 
this resonance, which is of great importance for the luminescence 
phenomena, can effect the energy of the states by 0.03 kcal per 
mole at most. However, the rates of certain reactions may be de- 
termined by the “contamination” of singlet states by triplet and 
for such cases study of the phosphorescent states of the molecules 
involved may lead to valuable chemical information. 
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show that an electron approaching within 0.8A or 0.94 
of a Gd ion will have such an interaction energy. 

For the compounds with the non-magnetic ions of Al, 
Sc, Y, Lu, and La, spin-orbit interactions of only a few 
tenths of a wave number are required to account for 
the transition probabilities. From Table I it is evident 
that the phosphorescence lifetime does not depend 
solely on a simple parameter such as the size of the 
central ion or on its Z. For instance in the Lu and Y 
compounds the sizes, as judged by ionic radii, are al- 
most identical, and the lifetimes are quite different. 
On the other hand, the lifetimes of the La and Lu com- 
pounds indicate that the phosphorescence lifetime is 
not a function of Z alone since the lifetime of the La 
compound is less than that of the Lu compound. 
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Fic. 10. Densitometer tracing of phosphorescence 
of La derivative. 





The effectiveness of Z of the perturbing ion depends 
to a great extent on how close the optical electrons get 
to the nucleus, and so one would expect this perturba- 
tion to be a function of Z and other parameters which 
describe the structure of the ion. Apparently, the Lu 
ion with its completed 4f shell can be penetrated less 
easily by the electrons involved in phosphorescence 
than the La ion with an empty 4/ shell. Another ex- 
ample of the fact that the electronic configuration of the 
metal ion is important was observed by a qualitative 
measurement of the relative lifetimes of the Ga and Sc 
compounds. Although the Ga compound, with its 
completed 3d shell, has a greater Z, it has a longer life- 
time than that of the Sc compound. Comparisons o 
dibenzoylmethane salts. within series with like elec- 
tronic configurations, e.g., (1) Ga, In, (2) Ca, Sr, Ba, (3) 
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TABLE II. Ratio of intensity, R, of fluorescence to 
phosphorescence. 
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TABLE III. Position of phosphorescent and fluorescent levels 
(normal state is taken as zero). 








Compound R in alcohol Rin EPA 


Compound Phosphorescent level cm~! Fluorescent level cm=! 





Sc 5.2 +1.0 
0.98+0.20 
0.48+0.10 0.86+0.20 
0.36-+0.10 0.43+0.10 
0.00 (no observable fluorescence) 0.00 


6.5 +1.0 
2.3 +0.06 








Li, Na, K reveal within each series decreasing lifetimes 
with increasing Z. 

The ratio of the intensity of phosphorescence to 
fluorescence gives information regarding the radiation- 
less transition probability from the fluorescent state to 
the phosphorescent state. Since we have ascribed the 
changes in phosphorescence lifetime to perturbations 
due to spin-orbit interactions, we expect a decrease in 
phosphorescence lifetime to be accompanied by an in- 
crease in the ratio of the yield of phosphorescence to 
fluorescence. However, the increase in the latter cannot 
be compared in a simple way with the decrease in life- 
time of the phosphorescence since two different pro- 
cesses, one a radiation process, the other a radiationless 
process are involved. 

Figure 2 shows the energy levels required for descrip- 
tion of the luminescence of the compounds. The spectra 
indicate that the relative transition probabilities from 


the phosphorescent state to the various vibrational 
levels of the ground state change as one goes down the 
series from the Al compound to the Gd compound. 
In the Al compound fluorescence results from transi- 
tions from the F level to the levels 0, 2, 4 while phos- 
phorescence results from transitions from the P level 
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Fic. 11. Densitometer tracing of phosphorescence 
of Gd derivative. 








Al 20,900-+50 
Sc 20,600-+50 
Y 20,350-+50 
Lu 20,350-+50 
La 20,250-+50 
Gd 20,350-+50 


23,950-+50 
23,500-+50 
23,350-+50 








to these same levels 0, 2, 4 as well as from transitions 
with almost equal intensities to the levels 1, 3, 5. The 
ratio of intensity of the phosphorescence arising from 
transitions to the levels 0, 2, 4 to the intensity from 
transitions to the levels 1, 3, 5 increases with decreasing 
lifetime of the phosphorescence, until in the Gd com- 
pound the latter are not observed. It is difficult to make 
comparisons between neighboring members of the series 
since the change is small, but the effect is very evident 
when two extreme members are chosen. 

We have attributed the observed changes in transi- 
tion probability between phosphorescent and normal 
state to admixture of singlet wave functions into the 
phosphorescent level. Which of the singlet wave func- 
tions is the principle contributor is as yet unknown. 
The experimental observation of the similarity in 
pattern of the fluorescence spectrum of the aluminum 
compound and the phosphorescence spectrum of the 
gadolinium compound suggests that this contributor is 
the fluorescent level wave function. Theoretically this 
might be expected since the fluorescent level is the 
closest lying “singlet” level to the phosphorescent level. 

We anticipate further information concerning this 
suggestion from as yet uncompleted measurements of 
the polarization of the luminescene spectra. The phos- 
phorescence of fluorescein is almost completely un- 
polarized, while the fluorescence is highly polarized." 
This result has been intuitively explained by the state- 
ment that the electronic spin of the unpaired electrons 
in the phosphorescent state is but weakly coupled to 
the molecular axes. A more complete statement, justi- 
fiable by group theoretical arguments, is that in mole- 
cules of sufficiently low symmetry the three close lying 
levels of the phosphorescent state yield mutually 
perpendicular directions of polarization in undergoing 
transitions to the normal state. If a particular one of 
these levels is contaminated by admixture of singlet 
wave function, the phosphorescence arises almost en- 
tirely from this level and should be polarized. 

The most striking change in all the compounds was 
accomplished by the introduction of the paramagnetic 
Gd ion. We had hoped to study the effect of magnetic 
moment of the central ion on the phosphorescent life- 
time by introduction of other paramagnetic ions but 
found this to be impracticable for reasons we now 
describe. The most suitable ions available appeared to 
be those of the other rare earths. With the exception 
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of Cet+*+ and Yb***, all the other rare earth ions 
possess levels lower than the phosphorescence level of 
the dibenzoylmethane complex and yield, because of 
excitation into these levels by a process already de- 
scribed,!° compounds which exhibit no visible lumines- 
cence or sharp line luminescence characteristic of the 
rare earth ion. For the former ions, Cet++ and Ybt**, 
our preparative methods failed to produce the Ce++t 
compound apparently due to an oxidation to Cett**, 


10S, I. Weissman, J. Chem. Phys. 10, 214 (1942). 
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while the Yb*+*+* compound, although easily prepared, 
failed to luminesce. The first excited state of Yb*+** in- 
volves removal of an electron from the shielded (4/)# 
configuration to 5d or 6s or 6p. The change in the po- 
tential energy surfaces of the states of the molecule 
produced by this mode of excitation may be sufficient 
to lead to quenching by internal conversion to a high 
vibrational level of the ground state." 


4 Franck and Livingston, J. Chem. Phys. 9, 184 (1941). E. 
Teller, J. Phys. Chem. 41, 109 (1937). 
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Completely general kinetic expressions have been developed for the co-polymerization of m monomers, 


assuming that the reactivities of the radicals depend only on their terminal groups. Allowance has been made 
for chain transfer and the fact that thermal and photo-chemical initiation may proceed via diradicals. The 
equations are of the same form as those developed previously for a simple polymerization. The latter appear 


as a special case in which »=1. 


It is pointed out that the method previously developed for determining the velocity constants in simple 
polymerizations can be used without modification in the study of co-polymerizations. In this way 12 of 
the 14 velocity constants in a binary co-polymerization can be determined absolutely, and a relation be- 


tween the remaining two obtained. 





E have recently described a method for determin- 

ing the absolute velocity constants in simple 
vinyl polymerizations.! This method, which has been 
justified by work in these laboratories,'* has several 
advantages; in particular the rate of chain starting 
need not be measured independently, the velocity 
constant for the transfer reaction with the monomer 
can be determined directly, and the measurements can 
be made at very low conversions. It seemed desirable 
to see how much information could be obtained by 
extending this method to co-polymerization. The vis- 
cosity method should be particularly convenient, since 
the low conversions would eliminate inconvenience 
arising from changes in reactant composition. 

As was the case of simple polymerization, a more 
exact kinetic scheme is required than the one in current 
use. Not only must chain transfer be included, but also 
the fact that the initial centers in thermal or photo- 
polymerizations may be diradicals. The importance of 
these factors in the polymerization of single monomers 
was established by Bamford and Dewar.! 


1 Bamford and Dewar, Proc. Roy. Soc. London, 192, 309 (1948) ; 
This paper is called Part I in the text. 

? Bamford and Dewar, (methyl methacrylate) Proc. Roy. Soc. 
London, 197, 356 (1949) ; Axford (p-methoxystyrene) ibid., p. 374; 
Dixon-Lewis (vinyl acetate) ibid. 198, 510 (1949). 












We have found it possible to derive simple expressions 
for the co-polymerization of » monomers at small 
conversions, which provide the most complete account 
of the reaction kinetics at present available. The method 
is essentially that used by Walling and Briggs’ to derive 
the co-polymer composition for mixtures of m monomers. 
However, previous workers have not given general 
expressions for molecular weights etc., of the co-poly- 
mer, possibly because they did not fully realize the 
similarity between the equations for polymerization 
and co-polymerization. As already indicated, even the 
calculations for binary mixtures involved unjustifiable 
simplifications. 


KINETIC SCHEME AND NOTATION 


The kinetic scheme is an elaboration of that described 
in Part I! for simple polymerizations. As in the simple 
case there will in general be two types of radical present; 
double radicals formed by photo-chemical or thermal 
initiation, and single radicals formed by catalytic 
initiation or transfer. We make the usual assumption 
that the reactivity of a radical is determined solely by 
its terminal monomer unit. The entities present, and 


3 Walling and Briggs, J. Am. Chem. Soc. 67, 1774 (1945). 
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the relevant notation are as follows: 


M, monomer r (r=1, 2, ---, 7). 

X, any radical center ending in M,. 

Dor, diradical ending in M, and M,. 

Dy, single radical ending in M,, and formed by the 
death of one end of a Dz radical. 

R, single radical ending in M, produced by transfer. 


[MJ=21M-], [xXJ=2LL*-], [RJ=2[R-], 
[D2 ]= L2[Dore]; (D.J=X[Di-], 
¢,=(M,]/[M], 0,=(X,]/LX]. 


Velocity constants for initiation, propagation, trans- 
fer, and termination are denoted as in Part I' by Ay, ko, 
ks, ky respectively. Two additional suffixes are neces- 
sary, however, to specify the reactants. In the propaga- 
tion and transfer reactions, the second suffix denotes 
the radical, and the third the monomer. Thus ke;s is the 
propagation constant for the reaction 


X,+MX,. (1) 
The velocity constant for the thermal initiation 
M,+ M —Da,s (or Xt Xs) (2) 


would similarly be &,,,, and no distinction would be 
drawn between &,, and k;,,. It is convenient, however, 
to divide this constant into two equal parts ’1,,’ and 
kisr. Thus for reaction (2) we have 


-d[M,]/dt=—d[M,]/dt=d[Dz,, |/di 
=k, M,][M; ]=hirs'|M,](M: ] 
+hier'|M, ][M,]=2kire'(M,][M,]. (3) 


The termination constant k4,, is also split into equal 
parts kar,’ and k4,,'. Likewise De2,, is divided into equal 
parts De,’ and Do,,’. 

In deriving the stationary state equations it is con- 
venient to assume that the chains are long, so that the 
initiation and termination reactions can be neglected. 
It is also assumed that the degree of polymerization is 
large, so that transfer is slow compared to propagation 
and that termination occurs exclusively by dispropor- 
tionation (see reference 2). The stationary state equa- 
tions may now be written down. They are 


~[X, Johor Me J+(M JO kool X.]=0 
, (r=1,2,---,m). (4) 
Dividing (4) throughout by >... M,]>.[M,] we obtain 
— OrdLkarebet bed hrar8.=0 (s=1,2,---,m). (5) 


This system of homogeneous linear equations has a non- 
zero solution, for it is evident that 


A=det| korshs— Srs)_Rartbt| =0 (6) 
t 
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since the sum of the elements of any row is zero. Let D, 
be the determinant obtained by striking out the first 
row and 7 column of A, and let A, be defined by 


D,=(—1)"-"A,, (7) 
so that A, is always positive. The solution of (5) is 


6,=yA,=A,/XA,, (8) 


where uy is a constant. The stationary state equations 


for [D2], [D1], [R] and [X] may now be written down 
for a thermal polymerization. They are 


d[D;)/dt= DD Airs | M,][M, | 


Ved Reortl Dore’ [Mi] 


ee £ 


ans DDD Resi Dors’ [Mi] 


Ys Ff 


DD art' Dore’ LX ¢] 


re 8 


— DDD Ract'LDare’ LX1J=0, (9) 


er @ sg 


dD, ]/dt= LLL hor Dore’ LM] 


FEU Y Rss Dors’ Mi] 


FLV honor’ Xe] 
FLD Dhl Dore! Xe] 
—LYksrsLDir IIMs] 


—L dV hares [Dir JLX.J=0, (10) 
d|RJ/dt= VLD hart Dors’ [Me] 


re ¢t 


FULD Koel Dare’ LM] 


+ dV kesrsl Dir LM | 
—> > Rare’ [Re]X,]=0, (11) 


d[X )/dt=S>Y hirs'[M, JM] 
—>L > hare’ [X,]X.J=0. (12) 


Also, from the definition of 6,, 


[Deors ]=0,0.[ Do |, [D1,]=0,[D1], LR, ]=6,LR]. (13) 
We define 1, Az, As, Aa by the equations 


hi=)>->_ ire’ Orbs, Ao= >) RorsOrbs, 
As= >) RarsOrbe, hs= >_> Rare 0,05. (14) 
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Equations (9)-(12) now become 
Nil M P—2ds[ De ]— 2s De LX ]=0, (15) 


2rsL D2 LM ]+2[D2 LX J—AsLDi JL] 
—dLDi J[X]=0, (16) 


2rsL D2 J[M +L Di ILM J—MLRILXJ=0, (17) 
MLM P= MX P. (18) 
From Eggs. (15)-(18) it follows that 


[X]=(a1/d4)*L], 
[D2 ]= LM _J/[4 {dst (rds)? } J, 
[D1 ]=2[D2], 
[R]=4d3(Aid4) *LD2 ]= 48 D2], 
B=ka(kiks), 
P1=)a/ {Ast (Arda)}}, 
P:= 2P,, 
dP  ]/dt=d3(\ir/Ms)*LM P= BLM Ff, 
dL P2|/dt=3e[M f, 
— dM ]/dt=2(di/d4)*LM F, J 


where P,, P: are the mean degrees of polymerization of 
transfer and initial polymer respectively, and 8 is the 
number of times chain transfer occurs in a kinetic 
chain. These equations are identical in form with 
those of a simple polymerization,! the velocity con- 
stants in the latter being replaced by the correspond- 
ing \’s. 

In a photo-chemical polymerization, the rate of 
chain starting is proportional to the light intensity for 
a given composition, and may then be written in the 
form 


- (19) 





MLM P(1+4D =F Ff. (20) 


Equations (19) then hold for photo-polymerizations 
with d,; replaced by A. 

We may also assume that the co-polymer obeys the 
Houwink viscosity law, ['» ]= KP*. This is a reasonable 
assumption since individual polymers appear to obey 
the law with exponents close to 3. The following results 
may now be obtained* by applying the method of 
Part I 


P=[2h2(Ards)~4/(28+ €)], ) 
—d[M ]/dt=2&[M P(Ai/d4)}, 
A 24-@)) Ie 
[B+ (1+3a)é] 
(B+e)t= ’] 


where 7 is the ideal specific viscosity.‘ These expres- 


dy 


“= KLM | + (21) 
dt 











* This involves the additional assumption that the molecular 
weight distribution is similar to that for a single polymer. It can 
be shown that this is so if Eq. (4) holds. 

‘Ideal specific viscosity is defined by »=c[»], where c is the 
concentration of the polymer. The determination of 7 from the 
observed specific viscosity is discussed in Part I. 
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sions are naturally identical with those given pre- 
viously for simple polymerizations,! and corresponding 
equations may be written down for the photo-chemical 
after- and pre-effects. 

For numerical work involving Eqs. (21), it is first 
necessary to calculate the \’s from Eq. (14). It is easily 
seen, however, that Eqs. (21) are unchanged if 0, is re- 
placed by A, in calculating the )’s, and for this purpose 
it is therefore unnecessary to use the full expression in 


Eq. (8). 
To complete the kinetic treatment we give two addi- 
tional results. The rate of consumption of monomer 


M, is given by 
—d[M,]/dt= Lk. XM] 


= brLM P(A1/A4) My ears, (22) 


and the average length of a sequence of M, units in the 
polymer, 71,, is given by 


tip=c/(c—Rerrbr), (23) 


where 


c= > Ss { Rorsbst Rersst (A1/A4) 1Rays'05} . 


POLYMERIZATION IN SOLVENTS 


The velocity constant for reaction between x, and 
solvent S will be denoted by ks. A quantity As is de- 
fined by 

As= D519; (24) 


As before, we obtain the equations 
LM J 
MLM H-V dM I+ALST 
P,=2P,, 
CR]=20Di](AslM +s S])/V/ Orda) L];, 
dP; /d[ P2]=(RJ/2(D1]. 


P,= 





Hence 
P=2n.[M]/{2rsM ]+-+/(A1A4)[M]+25L5 J}, 
1.€., 
11 »{[S] 
ee ev. 25) 
P B, ys [1] 


Equation (25) is identical in form with that derived by 
Mayo® for polymerization of a single monomer in 4 
solvent. 


5 Mayo, J. Am. Chem. Soc. 65, 2324 (1943). 
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SPECIAL CASES 


(1) n=1. Here 6=¢=1 and d,=k,(r=1, 2, 3, 4). 
Equations (21) thus reduce to those given in Part I' for 
a simple polymerization. 


(2) n=2. 
Ai=hee1d1, As=ei2d2, ) 
M=indr’+ ki2didet i222’, 
ho= Roitko2161°+ 2Roroko21b1b2t ooeke12b2", 
As= Rarskoeigi’+ (Rai2k221+ Raotkei2) bide 
+Rse2ko122", 
ha= Raitho01?hi2-+ Rarekoorkerebidet+ Ravekei2"ho”. J 
From Eq. (22) 
dM] _ [My] RouAi+ hoes 
d{M2] [Mo] ker2Art+hooeds 
— Aanl Mi) hol Mi }+ heel Me] 
kane Mo] Rol M+ Rosalia) 


which is a well-known result first obtained by Mayo and 
Lewis.® 

(3) n=3. In this case only the values of A, will be 
given. These are sufficient to enable the composition 
of the co-polymer to be calculated immediately. 


A= hoo1k23161?+ Rootke3291h2+ kosikoeabids, 
Ao= Rosoke12b2"+ Reosoko1sh2b3t Roi2ko319261, 
A3= keisko03b3"+ Roisk221b361t Rooskoi2b3$2, 


| (26) 











(27) 








and 
d log[ M; | d log| M2 | 
RoAit+ReoAethesidg Rer2Aitkeo2Aet hoseAs 
d log[ M; | 
= — - (28) 
Roy3Ait+Reooshot hess 


This equation is identical with that obtained by Walling 
and Briggs.’ 


DISCUSSION 


It was pointed out above that there is a formal 
identity between the equations representing the poly- 
merization of a single monomer, and those for the co- 
polymerization of m monomers. Since the \’s will be 
constant for a constant temperature, and constant 
composition of reactants, a mixture of m monomers will 





* Mayo and Lewis, J. Am. Chem. Soc. 66, 1594 (1944). 
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behave kinetically as a single monomer with velocity 
constants dx, Az, As, Aa, provided that measurements 
are carried out at very small conversions, so that the 
composition of the reactant mixture is not changed. 
The methods described previously'’ fulfil this condi- 
tion, and can therefore be taken over in toto to deter- 
mine the )’s in a co-polymerization, and also the quan- 
tities K, a which determine the molecular weight- 
viscosity relation. 

With the assumption made previously that the re- 
activity of a radical depends only on its terminal 
monomer unit, it is clear that constants of the form 
krss(r=1, 2, 3, 4) can be identified with velocity con- 
stants of the single monomers, and constants of the 
form k,s:(s¥?) with those for co-polymerization of pairs 
of monomers. To determine absolute velocity constants, 
including the crossed constants, all that is necessary 
therefore is to study single monomers, and pairs of 
monomers. The general equations developed above can 
then be used to predict the behavior of more compli- 
cated mixtures. We therefore consider specially the 
case of two monomers. 

There are in all 14 velocity constants, of which 8 
can be determined by measurements. on the single 
monomers. From a study of the co-polymerization of one 
mixture four further relations—the \’s—are obtained 
as indicated above. The study of other compositions 
gives only one further relation. Thus it is impossible to 
determine all 14 constants absolutely. Inspection of the 
equations shows that ki12, ke12, ke21, R412 can be evaluated 
separately, but the quantity ks12k221+kse1k212 cannot be 
resolved, and hence the crossed transfer constants 
cannot be isolated. 

The following further points of interest emerge: 


(1) It is well known that small amounts of an easily poly- 
merizable monomer act as a retarder when added to a monomer 
which is less reactive (e.g., styrene added to vinyl acetate). This 
behavior can easily be interpreted in terms of Eqs. (21) and (26). 
Measurements in these laboratories suggest that the termination 
constants for radicals of different reactivity do not differ widely; 
consequently at a given rate of chain starting the stationary con- 
centration of radicals will not be appreciably affected by small 
additions of one monomer to another. The over-all rate will then 
be proportional to Az, and it is evident from Eq. (26) that A, will 
be small when eo: and ¢2 are both small. 

(2) By carrying out solvent polymerization with different 
monomer ratios it would be possible to study the variation of K 
and @ with the composition of the co-polymer. This could provide 
some basis for the theoretical treatment of the viscosity of polymer 
solutions. 

(3) A knowledge of the variation of A (Eq. (20)) with composi- 
tion would provide information as to the nature of the primary 
photo-chemical process. 

(4) It would not be necessary to know the constants for the 
individual monomers in studying the co-polymerization of a pair 
provided that the co-polymerization were carried out for at least 
four different compositions. 


Investigations along these lines are now in progress. 


7 Bamford and Dewar, Proc. Roy. Soc. London 192, 329 (1948). 
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Refractive Indices and Dielectric Constants of Liquids and Gases under Pressure 
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Several interpolation formulas are given which reproduce refractive index and dielectric constant data for 
liquids and gases at high pressures. These formulas involve functions of the refractive indices and dielectric 
constants which appear in the formulas of Lorentz-Lorenz, Clausius-Mosotti, Gladstone and Dale, the em- 
pirical Eykman formula, etc. One formula shows the reciprocals of these functions to be linear in the specific 
volumes at various pressures. Another interpolation formula, involving the reciprocals of the same functions, 
contains a logarithmic term which is similar to that appearing in the Tait equation for compressibilities of 
liquids. The parameters involved in the Tait equations for compressibilities and in the analogous interpola- 
tion formula for refractive indices and dielectric constants are discussed. 

The article also shows that the Tait equation which has been so successfully adapted to compressibility 


data of liquids can also be applied to gases. 





INTRODUCTION 


N a recent article! it was shown that the compres- 

sions’ of alcohol, water and their mixtures calcu- 
lated from the refraction formulas of Lorentz-Lorenz 
and of Gladstone and Dale are a linear function of the 
observed compressions of the solution. A logarithmic 
equation is given which reproduces with great precision 
the refractive indices of alcohol, water, and their mix- 
tures under pressure; the logarithmic term is the same 
as that in the Tait equation for compressibilities, and 
the part of the equation containing the refractive in- 
dices involves the same functions of mp which appear 
in the formulas of Gladstone and Dale, Lorentz- 
Lorenz, etc. 

It is the purpose of this paper to show that the results 
of the above article can be extended to existing data of 
both refractive indices and dielectric constants of 
liquids as well as to gases at high pressures. 

Of the important formulas for the refractive index or 
dielectric constant of a substance which give a specific 
refractive or specific polarization “constant,” all have 
the form f(vp)vp=C, where f(vp) is a function of the 
refractive index mp or the dielectric constant ep, vp is 
the specific volume and C the “constant.”’ Where the 
formula is applied to solutions on which the pressure is 
varied, the expression 


1—[f(v0)/f(vr) =k’ (1) 


would equal the observed compression, kp, if C re- 
mained constant. Characteristic functions are the 
Lorentz-Lorenz expression (n?—1)/(n?+2), Gladstone 
and Dale’s (n—1), the Newton expression (m?—1) and 
the empirical function of Eykman (n?—1)/(n+.4). 
In all of these expressions 7p? may be replaced by ep to 


1 J. S. Rosen, J. Opt. Soc. Am. 37, 932 (1947). 

2 The sympols used in this article are the following: np, ep and 
vp are the refractive index, dielectric constant and specific volume, 
respectively, at pressure P. The subscript 0 indicates atmospheric 
pressure (P=0). The bulk compression, kp, is —(vp—v)/vo. 
Where the symbol vp occurs in the function f(yp) it will designate 
ep or np*, and f(vp) will refer to the same function of ep or np*. 
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obtained the corresponding formula involving dielectric 
constants. 

It has generally been found that with none of these 
functions f(vp) can the observed compressions, kp, of 
the solutions be computed from Eq. (1) with any great 
accuracy ;'%4 but Eq. (1) has frequently been used as 
a criterion in selecting the most suitable formula 
f(vp)vp=C applicable to a particular substance. It 
will, however, be shown here that the compressions, 
kp’, computed from Eq. (1), may be taken as a linear 
function of the observed compressions kp. Accordingly, 
we may write 


kp’= m'kp+b’, (2) 


where m’ and 0’ are constants for a given substance. A 
more useful equation which is equivalent to (2) is ob- 
tained if we replace kp by (v—vp)/vo and kp’ by the 
left member in Eq. (1). We obtain the expression 


1/f(vp)=mop+b, (3) 


where m and é are constants independent of the pressure. 
Equation (3) will be shown to hold for existing data at 
high pressures both for the refractive indices and di- 
electric constants of liquids and gases. The forms of the 
function f(vp) in Eq. (3) may be those of theoretical 
significance already mentioned as well as others which 
have no theoretical foundations, such as for example, 
f(vp)=vp, etc. Though a number of these forms have 
been examined, only the Clausius-Mosotti and Lorentz- 
Lorenz functions, because of their theoretical interest, 
will be considered. 
The equation, proposed by Tait for water, 


dkp/dp=C/(B+P), 
has been shown in recent years,"* notably by Gibson, 


3 W. C. Réntgen and L. Zehnder, Ann. d. Physik 44, 49 (1891); 
G. Quincke, ibid. 44, 774 (1891). 

4R. E. Gibson and J. F. Kincaid, J. Am. Chem. Soc. 60, 511 
(1938). . 

6’ Harned and Owen, The Physical Chemistry of Electrolytic 
Solutions (Reinhold Publishing Corporation, New York, 1943), 
p. 270; P. W. Bridgman, Rev. Mod. Phys. 18, 17 (1946); H. Carl, 
Zeits. f. physik. Chemie 101, 238 (1922). 
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to represent successfully the compressibilities of liquids. 
This equation involves two parameters® C and B both 
independent of the pressure; B is a function of the tem- 
perature, concentration (in mixtures),! and the proper- 
ties of the solution; while C is approximately independ- 
ent of the temperature. It will be shown in this article 
that Tait’s equation can also be applied to gases. In 
the integrated form this equation is 


vp:—Vp=wC In{(P+B)/(P’+ B)}, (4) 


where the initial pressure, usually one atmosphere, 
br. 
From Eq. (3), we have 


1 1 


f(vp*) f(vp) 


If we substitute (4) into this equation, we obtain 


1 1 P+B 
—-— =A os( ) (5) 
Srp) frp) P’+B 


where A and B are constants for a given substance. If 
initially the pressure is the atmospheric pressure, and if 
the pressure range is large, it is most convenient to set 
P’ equal to zero. A better adjustment of the data may 
be obtained by replacing (P’+-B) by a third parameter, 
but in general this is not justified either by the accuracy 
of the data or the additional computation involved. 

In this article we will justify Eqs. (3) and (5) as 
interpolation formulas for the considerable body of re- 
fractive index and dielectric constant measurements at 
high pressures for both liquids and gases. The Clausius- 
Mosotti and Lorentz-Lorenz functions will be ad- 
justed by the method of least squares to these equations, 
but for Eq. (5) we will also study the form f(vp)= vp. 





=m(vp:'— vp). 











THE INTERPOLATION FORMULAS 


The literature on the subject of refractive indices and 
dielectric constants at high pressures contains some 
precedence for Eq. (3) and (5). Danforth,’ in a much 
quoted paper on the dielectric constants at high pres- 
sure for some ten organic liquids, finds that the re- 
ciprocal of the Clausius-Mosotti expression pp/f(ep) 
when plotted against the density pp gives a straight 
line for most liquids. This is evidently similar to Eq. (3), 
with 1/f(ep) = (€p+2)/(ep—1). Owen and Brinkley,’ on 
theoretical grounds, derive the Eq. (5) with f(vp)=ep 
and P’=1, and adapt the equation to data on dielectric 
constants at high pressure, and to the refractive indices 
of one non-polar liquid (benzene). Keyes and Kirk- 





_ *When the true compressibility dk/dP at atmospheric pressure 
is known only one parameter B is necessary. This is especially 
Important when adjusting data to the equation by the method 
of least squares. See reference 1. 

'W. E. Danforth, Jr., Phys. Rev. 38, 1224 (1931). 

*B. B. Owen and S. R. Brinkley, Jr., Phys. Rev. 64, 32 (1943). 




















































TABLE I. The constants m and b of the equation 1/fp=mvp+, 
where 1/fp=(ep+2)/(ep—1), evaluated by the method of least 
squares from dielectric constant data for liquids at high pressures. 
In the last two columns are shown the average and maximum 
percent difference between the observed and computed values of 
the dielectric constants. The pressures and volumes are in the 
units of the original data. 











Liquid °C Pmax* m b = (%av (Yo max 
Data of Danforth** 
Ethyl ether 30 12000 1.17659 0.31125 1.21 2.74 
Ethyl] ether 75 12000 1.42582 0.06676 1.16 2.52 
Pentane 30 §=12000 2.63595 0.36305 0.06 0.33 
Ethyl alcohol 30 12000 0.12407 0.97643 0.38 1.08 
Ethyl alcohol 0 12000 0.09448 0.99580 0.57 1.38 
Hexy] alcohol 30 4000 0.23520 0.96426 0.59 0.83 
Hexy] alcohol 75 8000 0.38421 0.90341 0.58 0.92 


Bromobenzene 30 4000 1.01806 1.01761 0.15 0.35 
Bromobenzene 75 8000 1.16001 0.94717 0.08 0.23 
Chlorobenzene 30 4000 0.91212 0.77397 0.27 0.43 
Chlorobenzene 75 8000 0.96532 0.76365 0.17 0.33 
Carbon bisulfide 30 12000 3.03747 0.38371 0.48 1.03 
Carbon bisulfide 75 12000 3.15413 0.31914 0.21 0.38 


Eugenol 30 3000 0.48120 0.87206 0.39 0.79 
Glycerine 30 12000 0.16428 0.94074 0.41 0.93 
Glycerine 0 8000 0.13400 0.95619 0.20 0.38 


i-Buty] alcohol 0 12000 0.12782 0.99198 0.42 0.86 
i-Butyl alcohol 30 12000 0.17220 0.96906 0.36 0.67 


Data of Chang* 
Carbon bisulfide 75 12000 3.31543 0.19076 0.23 0.37 
Carbon bisulfide 30 12000 3.27849 0.22453 0.41 1.77 
i-Amy] alcohol 22.4 12000 0.26914 0.89999 1.85 2.19 


Ethyl! ether 30 12000 1.10326 0.35194 1.04 2.93 
Ethyl ether 75 12000 1.34818 0.11343 0.62 2.93 
Toluene 30 9500 2.43974 0.34378 0.13 0.31 


Data of Kyropoulos 
Carbon bisulfide 20 3000 3.35849 0.16093 0.08 0.16 


Ethyl alcohol 20 3000 0.10254 0.99178 0.25 0.37 
Methy] alcohol 20 3000 0.08320 0.98660 0.14 0.21 
Water 20 3000 0.04890 0.98860 0.08 0.31 
Acetone 20 3000 0.14357 0.96469 0.27 0.48 
Ethyl] ether 20 3000 1.29268 0.08743 0.53 0.90 








* The pressures of Chang and Kyropoulos are in kg/cm?; those of Dan- 
forth’s are in atmospheres. 

** See reference 7. 

a Z. T. Chang, Chinese J. Phys. 1, (No. 2), 1 (1935). 

bS. Kyropoulos, Zeits. f. Physik 40, 507 (1926). 


wood? find an expression similar to Eq. (3) to hold for 
their dielectric constant measurements on carbon di- 
oxide and ammonia for various temperatures and 
pressures. 

We shall have occasion later in this article to com- 
ment further on the work in these papers. 

Older formulas on the refractive indices of binary 
mixtures at atmospheric pressure are reminiscent of the 
equations evolved above. The formulas of Pulfrich and 
Hubbard” resemble closely Eq. (1). Since, however, at 
atmospheric pressure the compressions of the mixture 
cannot enter, the right member of Eq. (1) is replaced by 
an analogous term which involves the ratio of the actual 
volume of the mixture and its volume calculated by a 
simple rule of mixtures. The interpretation of such a 

°F. G. Keyes and J. G. Kirkwood, Phys. Rev. 36, 754 (1930); 
ibid. 36, 1570 (1930). 

10 International Critical Tables, Vol. VII, p. 65. The formulas 


for the indexes of refraction for binary mixtures are discussed 
here and a bibliography is given, 
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TABLE II. The constants m and b of the equation 1/fp=mvp+5b 
evaluated by the method of least squares from dielectric constant 
data at high pressures for gases and from refractive indices for 
liquids and gases. The average and maximum percent deviations 
between the observed and calculated values of ep (or mp) are given 
in the last columns. The pressures and volumes are in the units 
of the original data. 








Substance SC Pus m b (% av (%)max 





Dielectric Constants of Gases* 


1/fp=(e+2)/(e—1) 


sar te dioxide 0 2008 128.733 —0.03195 0.06 0.12 
iquid) 

Carbon dioxide 35 100 132.4435 —0.7808 0.54 3.02 
Carbon dioxide 100 151 133.7713 —0.7962 0.04 0.24 
Ammonia 100 55 23.9453 —0.2956 0.03 0.10 
Ammonia 175 100 27.5442 —0.2266 0.06 0.15 


Refractive Indices of Gases and Liquids 


1/fp=(np?+2)/(np?—1) 


Carbon dioxide’ 32 122° 3294.03 0.0363 0.13 0.31 
Nitrogen® 25 2053 5092.274 -—0.1734 0.09 0.29 
Ethylene? 100 2269 2082.868 —0.0413 0.19 0.64 
Benzene** 25 868! 2.68806 0.33320 0.002 0.003 
Watert 25 1500¢ 4.17917 0.66864 0.010 0.013 
Alcohol 25 1500¢ 3.30631 0.31927 0.020 0.025 








* See reference 9. 

® In all of Keyes and Kirkwood’s data the pressures are in atmospheres 
and the volumes are in liters/mol. The lower pressure limit is in all cases 
above atmospheric pressure. 

b Michels and Hammers, Physica 4, 1002 (1937). \ =5876A. 

© Michels, Lebesque, and De Groot, Physica 13, 337 (1947). \=5876A. 

4 Michels, Botzen, and De Groot, Physica 13, 343 (1947). \=5876A. 

** See reference 4. 

t See reference 1. 

¢ In all of Michels’ data the pressures are in atmospheres and the densi- 
ties are given in Amagat units; the volumes used in calculating the constants 
above are the reciprocals of these densities. The lower pressure limit is 
(except for Nitrogen) the atmospheric pressure. 

f Pressure in bars. \ =589 mu. 

& Pressure in atmospheres. \ =579 mu. 


term as a compression would be consistent with Tam- 
mann’s hypothesis that the introduction of a dissolved 
substance has the same effect upon a solvent as com- 
pressing the pure liquid under external pressure. 

In Tables I and II the constants m and 6 of Eq. (3) 
are given for liquids and gases whose dielectric constants 
and indexes of refraction have been measured under 
pressure by various investigators. These constants were 
determined by the method of least squares by mini- 
mizing the sums of the squares of the difference of the 
observed and computed values of the function 1/fp 
(the line of regression of 1/fp on vp). 

As has already been noted, Danforth’ plotted the 
reciprocals of the Clausius-Mosotti expression against 
the densities, i.e., 


pp/f(er)=b"pp+m”, (6) 
where pp is the reciprocal of the specific volume vp 
and 1/fp=(e+2)/(e—1). We prefer the arrangement of 
Eq. (3) which can more readily be related to the loga- 
rithmic form of Eq. (5). Theoretically, Eqs. (3) and (6) 
are the same, but it must be noted that in practice, be- 
cause of the change of variables, the least-square 
method of fitting the best line of Eq. (3) does not give 
the same line as in fitting Eq. (6). (The line of regres- 
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sion of 1/fp on vp is not the same as the line of regres- 
sion of pp/fp on 1/vp). It can be shown that if instead 
of assuming observations of equal weights in fitting 
the line of Eq. (3), we ascribe to the observations the 
weights 1/vp? we will obtain the line of Eq. (6). Con- 
versely, with the weights vp* the least-square line of 
Eq. (6) will be the line of Eq. (3). 

In practice, the two lines of regression (3) and (6) 
give essentially the same results for a number of cases 
tried. Thus, for carbon bisulfide at 75°C (data of 
Danforth) and for ammonia at 100°C the two line of 
Eqs. (3) and (6) give values for ep whose average and 
maximum percent deviation from the observed dielec- 
tric constants are practically the same. 

Danforth observed that the reciprocal of the Clausius- 
Mosotti function pp/fp is linear in the density in the 
case of all polar substances except ethyl ether and the 
two more simple non-polar substances carbon bisulfide 
and pentane. This conclusion is not altogether admis- 
sible from the results shown in Table I. Ethyl ether does 
consistently show the greatest deviations from linearity 
in the data of Chang and Kyropoulos as well as in the 
work of Danforth. However, the least-square line for 
pentane is associated with the smallest deviations 
shown in Table I, while at 75°C carbon bisulfide (Dan- 
forth and Chang) fits comparatively well, and at 30°C 
the results for carbon bisulfide are better than those 
for ethyl alcohol (0°C), which according to Danforth 
behaves normally. Evidently, Danforth drew his con- 
clusions on the exceptional behavior of these substances 
by relying on graphical representation to estimate 
linearity. 

TABLE III. Two least square formulas 1/fp=mvp+-0 for the 
refractive indices of a gas* for which the range of the function 
1/fp=(np*+2)/(np*—1) is extensive. The equation 1/fp 
3294.030p+0.0363 was obtained by minimizing the sum of the 
squares of the difference of the observed from the computed value 
of the function 1/fp. The better fitting equation 1/fp=3330.760p 
+0.1108 was obtained by minimizing the sum of the squares of 
the percent difference between the observed and computed values 
of the refractive indices of the gas. The last two columns show the 


percent difference between the observed refractive indices and 
those computed from these equations. 











Pressure, Percent deviation 
atmos. 5876 vp** 1/fp obs'd. of n 

21.35 1.0097 0.047015 154.9250 0.002 0.010 
49.24 1.0278 0.016316 55.2198 —0.057 —0.039 
56.25 1.0345 0.013101 43.2000 0.025 0.042 
63.35 1.0438 0.010337 34.5121 —0.012 0.004 
67.41 1.0512 0.008827 29.5660 —0.021 —0.009 
72.35 1.0676 0.006691 22.4638 —0.018 —0.019 
77.92 1.1482 0.003103 10.4232 0.208 0.030 
86.45 1.1642 0.002802 9.4421 0.235 0.002 
96.74 1.1735 0.002655 8.9554 0.263 —0.003 
106.46 1.1794 0.002569 9.6730 0.278 —0.010 
121.60 1.1864 0.002476 8.3612 0.312  —0.007 
Average percent deviaion of m 0.130 0.016 


Maximum percent deviation of n, 0.312, 0.042. 








* Carbon Dioxide at 32.075°C. Data of Michels and Hamers, Physica 4, 
1002 (1937). 
_ ** The volumes shown are the reciprocals of the densities originally given 
in Amagat units. 
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TaBLE IV. The parameters A and B of the Tait equation A logio(i+P/B) fitted by the method of least squares to the functions 
1/fo—1/fp*, 1/eo—1/ep and the compressions v>— vp. The three sets of parameters are given for each substance in the foregoing order. 
The last two columns give the average and maximum percent deviations between the observed and calculated values of ep. The pressures 



























Glycerine** 0 49.9 8000 





Carbon __bisulfide** 30 2.61 12000 








Bromobenzene** 75 4.87 8000 


Acetone> 20 21.50 3000” 





Carbon tetrachloride> 18 2.246 1000> 






Ammoniaf 100 1.09404 


wn 
on 


Benzene tf 4 1.4851# 1188+ 


on 





Substance °C €0 Puss A Bt (% av (% max 
Pentane** 30 1.82 120002 0.9113 359 0.096 0.285 
0.09106 625 0.154 0.334 
0.3449 354 0.113 0.511 











0.02315 3807 0.051 0.098 
0.07472 3826 0.063 0.163 
0.1464 2845 0.134 0.190 















0.5054 610 0.186 0.544 
0.08231 848 0.281 0.671 
0.2005 1129 0.074 0.211 








0.1732 936 0.121 0.242 
0.03989 1049 0.124 0.268 
0.1520 983 0.108 0.238 









0.03911 795 0.085 0.176 
0.01196 799 0.087 0.177 
0.3202 1085 0.077 0.229 

















0.8403 1144 0.009 0.020 
0.1033 1376 0.010 0.023 
— 934° _ _ 


28.789 — 14,12¢ 0.163 0.314 
amin andl ne asl 
1.2085 — 14.05¢ 0.675 1.167 
0.699133 859 0.003 0.005 
0.082786 1030 0.002 0.004 


0.253355 829° 

















t Bis in the same units as the pressure. 

*™* See reference 7. 

* Atmospheres. All of Danforth's pressures are in this unit. 
> The data of Kyropoulos. His pressures are in kg/cm?. 

¢ The value of Gibson. 

+ See reference 9. 

Tt See reference 4. 

4The value at 20 atmos., the lower pressure limit. 















+ Pressure in bars. 






WEIGHTED FORMULAS FOR GASES 





In the last two columns of Tables I and II are shown 
the average and the maximum percent difference be- 
tween the observed and computed value of the dielec- 
tric constant or refractive index (100An/n)." This is 
the criterion used for the closeness of fit of the interpola- 
tion formula of Eq. (3), though in fitting this line by 
the method of least squares, we minimized the sum of 
the squares of A(1/fp), the difference of the observed 
and the computed values of the function 1/fp. Ob- 
Viously, this is not the proper function to minimize to 
give us the most favorable deviations of mp (or ep). 
Generally, this inconsistency is not serious and it has 
the advantage of lessening the computational work 
involved in applying the method of least squares. The 
parameters m and b shown in Tables I and II were all 
found by fitting Eq. (3) in this way. However, where the 


















"An (or Ae) will denote the absolute value of the difference 
between the observed and computed value of mp (or ep). The A 
will have the same significance when used with the function 1/fp. 








*1/fp =(ep+2)/(ep—1). 1/fo is the value of the function at either the atmospheric or the initial pressure. 


® The function fitted here is that of Eq. (5) where vo and 1/fo are replaced by their values at P’ =20 atmos., the initial pressure. 
! The function 1/0 —1/ep cannot, in this case, be represented by a Tait equation. 
® The index of refraction (A =589 my). ep is replaced by mp? in the equations. 


range of the function 1/fp is extensive (e.g., in the case 
of a gas, see Table III), the simplification of mini- 
mizing the sums of the squares of the residuals of 1/fp 
tends to pile up at the higher pressures large percent 
differences between the observed and computed values 
of mp (or ep). This is apparent from the second to last 
column of Table III, where the data for the refractive 
indices of carbon dioxide are given as an illustrative 
example. The distribution of percentages in this column 
resulted from fitting Eq. (3) in the usual way. The last 
column, however, shows a better distribution of the 
percent difference between the observed and com- 
puted values of mp; in fact, an over-all improvement in 
fitting the observed values of mp to Eq. (3) has been 
affected. 

To obtain the distribution of percentages indicated 
in the last column of Table III, we fit the observed data 
to Eq. (3) in another manner. Instead of minimizing 
> {A(1/f)}* we minimize (>> An/n)’, i.e., the sum of the 
squares of the percent difference between the observed 
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and computed values of mp. We assume below that the 
function 1/fp involves the indices of refraction mp, 
but obviously the same procedure will apply where the 
dielectric constants are considered. 

If we write the approximate relation 


an=A(1/f)/(1/f)’, 
where (1/f)’=d(1/f)/dn; then 
Li (An/n)?= 20 {A(1/f)/n(1/f)’}? 


is the new function we must minimize. This is equiva- 
lent to ascribing to the function 1/fp a weight wp, which 
is for each observation given by 


w= {1/n(1/f)’}?. 


The published results of most of the investigators 
whose data we have used do not include enough in- 
formation to permit a precise comparison with the 
deviations from our interpolation formula. Danforth, 
from whom the bulk of our data for very high pressures 
is taken, gives no estimate of the uncertainties in his 
measurements. However, with few exceptions, the Eq. 
(3) will represent his data within a few units in the last 
significant figure in «. A reasonable estimate of the 
experimental error of Gibson’s measurements of the 
indices of refraction of benzene is perhaps 0.01 percent, 
and it may be seen that our interpolation formula re- 
produces his results well within this experimental 
error. Keyes and Kirkwood’s experimental error for car- 
bon dioxide is about 0.2 percent (and presumably, 
though they do not indicate this, it may be assumed to 
be the same for ammonia). Table II shows that we have 
fitted their data within this experimental error except 
in the case of carbon dioxide at 35°C. But Keyes and 
Kirkwood point out that they consider Amagat’s com- 
pressibility data, which they used, unreliable above 60 
atmospheres; and here, too, is where our interpolation 
formula fails. Except in this case and that of the gases 
discussed below there are no visible trends in the resi- 
duals from the interpolation formula for the substances 
in Tables I and II. 

The situation, however, for the refractive index 
measurements of Michels e¢ al. for carbon dioxide, nitro- 
gen, and ethylene shown in Table II is somewhat differ- 
ent. The average deviations indicated for these gases in 
Table II are considerably in excess of the general ac- 
curacy claimed for their measurements. Furthermore, 
in the second last column of Table III, where the devia- 
tions are enumerated in detail for carbon dioxide, a 
systematic trend may be observed at higher pressures. 
However, the last column, which gives the deviations 
for the weighted formula, shows that this trend has 
been obliterated. The average percent deviation of u 
indicated in this column (0.016 percent) is in accord with 
the accuracy which Michels usually claims, but the 
maximum percent deviation in (0.042 percent) may 
be too high. Considering the difficulties recorded by the 
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investigators because the measurements pass through 
the region of the critical point, this abnormal deviation 
may reflect only this experimental situation. 

It may reasonably be claimed that the interpolation 
formula (3) represents the data for liquids, and that 
the same weighted formula reproduces the results for 
gases within the experimental error. 


SIGNIFICANCE OF THE PARAMETER B 


Owen and Brinkely® conclude that the parameter B 
in the equation 


1/eo—1/ep=A log(1+P/B) (7) 


has the same value as in the analogous Tait equation 
for the compressions of the liquid, i.e., the same value of 
B may be determined independently from either the 
dielectric constants or the densities. Their evidence 
for this conclusion is, aside from considerations of elec- 
trostatic theory and Tammann’s hypothesis, that Eq. 
(7) accurately reproduces the variations of the dielec- 
tric constant with pressure for some liquids with values 
for B obtained by Gibson” from compressibility data. 
Since, however, it has been shown in this article that 
it is possible to replace 1/¢ in Eq. (7) by other functions, 
and especially the function 1/f=(e+2)/(e—1), it 
seemed necessary to investigate more rigorously the 
nature of the parameter B when it is determined from 
compressibility as well as dielectric constant data over 
the same range of pressures and with 1/fp as both 
(ep+2)/(ep— 1) and 1/ep. 

Another factor prompts a reconsideration of the sig- 
nificance of the parameter B in these equations. The 
value of B in the Tait equation is not critical, and as 
the equation has another disposable constant it is under- 
standable that widely varying values of B in (7) may 
yet enable the equation to express the isothermal varia- 
tions of the dielectric constant of liquids with pressure. 
It is, therefore, not surprising to see values of B, de- 
termined from compressibility data to pressures of 
approximately 1000 atmospheres," successfully used by 
Owen and Brinkely in Eq. (7) to represent dielectric 
constant data to as high as 12,000 atmospheres. This 
assumes what is only approximately true, that the 
parameter B in Tait’s equation is independent of the 
external pressure on the solution. But B is not quite 
constant for a given liquid but depends on the pressure 
range of the data. For this reason all values of 3 


2 Gibson’s values of B are summarized by Harned and Owen. 
See reference 5. 

18 Gibson’s values of B were determined from compressibility 
data in this range. These were applied by Owen and Brinkely t 
Danforth’s data whose maximum pressure range is 12,000 atmos. 
and to Kyropoulos’s data to 3000 kg/cm’. 

M4 Besides the relevance of this observation here it should also 
have some bearing in speculation (see reference 4) on the theo- 
retical significance of the parameter B in Tait’s equation. This 
should not only take into consideration the dependence of B on 
the pressure range but should also consider the manner in whic 
the curve was fitted to the data. 
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presented here for comparison have been determined 
from the same pressure range. 

In Table IV are given the parameters A and B of 
A logio(1+P/B) fitted by the method of least squares 
to the functions 1/fo>—1/fp, 1/e9>—1/ep and to the 
compressions %—vp. For each substance in the table 
three sets of the two parameters A and B are given 
corresponding to the functions given in the above 
order; the pressure range for these three functions is, 
for any particular substance, the same.” 

Generally, it will be observed, the function 1/f>—1/fp 
fits the data somewhat better than 1/e9—1/ep, but the 
values of the parameter B corresponding to these two 
functions sometimes differ considerably. When ep is 
large (e.g., glycerine and acetone), it may easily be 
shown by expansion in series that the function 1/fp is 
approximately linear in 1/ep so that 1/fo—1/fp is pro- 
portional to 1/e9—1/ep, in which case the parameters 
B in the logarithmic form of these functions necessarily 
have nearly the same value (but this value of B is not 
necessarily the same value of B obtained from the com- 
pressibility data). 

On the other hand, where the values of ep are small 
(as in pentane) the B in the logarithmic representation 
of the function 1/e9—1/ep does not, if pentane is 
typical of this class, have even nearly the value of B 
obtained by fitting the dielectric constant data to the 
function 1/fp=(ep+2)/(ep—1). 

For ammonia where the values of ep are only some- 
what larger than one, and for other gases that were 
tried (where B is negative), the function 1/¢)—1/ep 
gives, when plotted against the pressure, a curve that is 
concave upward, so that it is not possible to represent 
the function 1/e,—1/ep by a Tait equation. However, 
the function 1/fp=(ep+2)/(ep—1), as may be seen 
from Table IV, when adjusted to the data gives a value 
of B which agrees well with the value of B obtained 
from the compressibility data. 

In conclusion it might be said that the results of 
Table IV lend some plausibility to the thesis that the 
parameters B of the logarithmic representation of the 
function 1/fo—1/fp (and sometimes the function 
1/¢)—1/ep) is the same as the B determined by the Tait 


“The compressibility data used are those given by the in- 
vestigator. It must be pointed out that though Danforth’s work 
was done in Bridgman’s laboratory the densities he used do not 
always agree with Bridgman’s published data. Thus, Bridgman’s 
compressibility data for glycerine would give a much higher value 
for B than that shown in Table IV, but this value of B, too, would 
be of dubious value since the glycerine Bridgman used is ad- 
mittedly contaminated with water. P. W. Bridgman, Proc. Am. 
Acad. Sci. 67, 11 (1932). 
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equation for %—vp. However, it is evident that more 
reliable data would be required before this proposition 
could be established conclusively; for it must be kept 
in mind that the parameter B is extremely sensitive to 
very small variations in the data from which it is de- 
termined and that small deviations in the measurements 
affect the value of B enormously. 


THE TAIT EQUATION FOR GASES 


As we have shown in Table IV, it has been possible 
to adjust vp-—vp and 1/fp-—1i/fp for ammonia at 
100°C to the Tait function 


A log|(P+B)/(P’+B)}, 


where vp-=1.385 and 1/fp-=32.915, the values corre- 
sponding to the initial pressure P’=20 atmos. It has 
already been pointed out that it is not possible to use 
the function 1/¢9—1/ep for gases; and that B, unlike 
that for liquids, is negative. 

It may be observed that though the pressure range is 
relatively small (20-55 atmos.), the compressibility 
data of ammonia are not reproduced by the Tait equa- 
tion as well as it is for liquids over greater ranges of 
pressure. That this is not because the data are inherently 
less accurate may be indicated by the fact that the 
ammonia densities used are the measurements of 
Beattie and Lawrence,'® who also represented them by 
an equation of state (over the range 17-58 atmos.) 
but with somewhat better results. Their maximum per- 
cent deviation between the observed and calculated 
volumes was about 0.8 percent as compared to the 
1.17 percent (and 0.68 percent average) shown in 
Table IV. 

It is, however, quite noteworthy that the Tait equa- 
tion, which can so well be adapted to compressibility 
data for liquids (and some solids), can also be used with 
gases.'7 The somewhat inferior results obtained for 
gases emphasize what has already been pointed out— 
that the parameter B is not independent of the external 
pressure, and this dependence is particularly greater for 
gases as is demonstrated by the results obtained for 
ammonia and by other gases that were examined. 


16 J. A. Beattie and C. K. Lawrence, J. Am. Chem. Soc. 52, 6 
(1930). 

17Tt might be of some interest to point out that vp—vp is only 
the simplest function of the volumes that can be represented by 
the Tait equation. As in the case of the dielectric constants and 
refractive indices, other functions of vp may be used, e.g., the 
Lorentz-Lorenz function 1/f(kvp)=(1+2kvp)/(1—kvp) where k 
is a constant for which 1—kvp>0. 
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The most important organic compounds which absorb visible 
light can be classified into three groups typified: (a) by sym- 
metrical polymethines, (b) by porphyrines, (c) by polyenes. 

Recently it was shown that the position of the absorption 
maxima of symmetrical polymethines and related compounds (sym- 
metrical cyanine and oxanole dyes; Michler’s hydrol blue and 
derivatives; malachite green and other triphenyl methane dyes; 
etc.) can be calculated by adopting a model of the dye molecule 
which is analogous to the free-electron gas model used in particular 
by Sommerfeld to describe the condition of metals. The 7-elec- 
trons of the polymethine chain are considered as a one-dimensional 
free-electron gas which extends itself along the length of the chain. 

In the normal state the stablest energy states of the electron gas 
each contain two electrons in accordance with Pauli’s exclusion 
principle. The remaining states are empty. The existence of the 
first absorption band is a consequence of the jump of a z-electron 
from the highest energy level occupied in the normal state to the 
lowest empty level. 

For the wave-length of the maximum of the first absorption 
band of this group of dyes, the relationship obtains that 


i= (8me/h)(L?/[N+1)), 
where L is the length of the polymethine zig-zag chain, N, the 
number of z-electrons, m, the mass of the electron, c, the velocity 


of light, 4, Planck’s universal constant. Good agreement with 
experimental results for A; is obtained by the use of this equation. 


(Received February 21, 1949) 







The problem of porphyrine and phthalocyanine compounds can 
also be dealt with on the basis of a free-electron gas model. We 
treat the x-electrons of the porphyrine ring as electrons which are 
confined to move in a closed ring-shaped path in a field of constant 
potential energy. 

In the case of polyenes and related compounds (Carotenes, un- 
symmetrical cyanines and oxanoles, merocyanines, azo- and 
stilbene dyes, etc.) a description by means of a free-electron gas 
model is no longer permissible. The electron gas in this case suffers 
a disturbance from its condition in the case of the first and second 
groups of dyes, and, to allow for this, the z-electrons are considered 
placed in a one-dimensional potential having a sine curve peri- 
odicity. The wave-length A, is expressed by 


[¥{1—2) 4 4 HY 
" li '~ NIT 8me DS 

where Vo is the amplitude of the sine-shaped potential along the 
chain. 

This relation is confirmed by the experimental data. It also 
gives an explanation for the markedly different manner (compared 
with the symmetrical polymethines) in which the position of the 
absorption bands of polyenes and related compounds depends on 
the chain length. 

The results of the classical color theory of Witt are capable of a 
simple explanation when considered in the light of the electron 
gas model. 











HE problem of setting up a quantitative theory 
for the light absorption of organic molecules has 

been attempted only in a few instances. The most im- 
portant results are those of Sklar’! and Forster? who 
found quantitatively the absorption bands of some un- 
saturated hydrocarbons (benzene, anthracene, phen- 
anthrene, butadiene, fulvene, and azulene). Their calcu- 
lations were based on the two well-known quantum- 
mechanical approximations of the bond orbital and 
molecular orbital methods. Later these methods were 
applied to polymethine dyes.’ It turns out, however, 
that the calculated values of the wave-lengths of the 
absorption maxima of these compounds are about four 
times larger than the experimentally determined ones. 
This would mean that according to these calculations 
the dyes would absorb in the infra-red and not in the 
visible spectrum. So far then, these methods, when 
applied to dyes, do not seem to give satisfactory results. 
Recently, by using the concept of the free-electron 


* Translated from the German by Alexander Silberberg. 

1A. L. Sklar, J. Chem. Phys. 5, 669 (1937). 

? Th. Forster, Zeits. f. Elektrochemie 45, 548 (1939); Zeits. f. 
physik. Chemie (B) 41, 287 (1938). 

3K. F. Herzfeld, J. Chem. Phys. 10, 508 (1942); A. L. Sklar, 
J. Chem. Phys. 10, 521 (1942); K. F. Herzfeld and A. L. Sklar, 
Rev. Mod. Phys. 14, 294 (1942). 
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gas, as used in particular by Sommerfeld‘ for metals, 
the author has shown®? that this can lead to a satis- 
factory interpretation of the color of the symmetrical 
polymethine dyes.* The model based on the electron gas 
was then refined’ and will now be shown to be capable 
of being extended to give a quantitative theory of light 
absorption of the most important groups of colored 
organic compounds typified by the symmetrical poly- 
methines, porphyrines, and polyenes. 


4A. Sommerfeld and H. Bethe, Handbuch der Physik (1933), 
Vol. 24, second edition. 

5 The density of the z-electrons in aromatic compounds and the 
diamagnetic anisotropy of such molecules has been treated on the 
basis of free-electron gas models by: (a) O. Schmidt, Zeits. f. 
physik. Chemie (B) 39, 59 (1938); 42, 83 (1939); 44, 185, 194 
(1939); 47, 1 (1940). (b) L. Pauling, J. Chem. Phys. 4, 673 (1936). 
(c) K. Lonsdale, Proc. Roy. Soc. 159, 149 (1937). 

6H. Kuhn, Helv. Chim. Acta 31, 1441 (1948), lecture at the 
a colloquium at the University of Basel on January 22, 


7H. Kuhn, J. Chem. Phys. 16, 840 (1948). 
8 Very recently J. R. Platt, J. Chem. Phys. 17, 484 (1949), has 
used a free-electron gas model for treating the absorption 0 
lyacenes, and W. T. Simpson, J. Chem. Phys. 16, 1124 (1948), 
as treated polymethines in a similar way as it has been done 
earlier by H. Kuhn (references 6 and 7). N. S. Bayliss, J. Chem. 
Phys. 16, 287 (1948), has treated the absorption of polyenes 00 
the basis of a free-electron gas model. However, as we shall see 10 
Section C-3, the use of such a model is not permissible in this case. 
*H. Kuhn, Chimia 2, 11 (1948). For an extension of the treat- 
ment to molecules with branched z-electron gas see H. Kuhn, 

Helv. Chim. Acta 32, nr. 7 (1949) (in print). 
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A. SYMMETRICAL POLYMETHINE DYES 
AND SIMILAR COMPOUNDS 


1. Qualitative Description of the Electron 
Gas Model 


We consider as a particularly simple example the 
symmetrical polymethine dye Ia, Ib. The cation, which 
isresponsible for the color, is considered to be resonating 
between two limiting structures, Ia and Ib, each of 
which makes the same contribution to the normal state 
of the cation. 
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Each structure results from the other when the single 
and double bonds of the polymethine chain change over. 
This picture shows that we are not dealing with a con- 
jugated chain of double and single bonds, but with a 
chain of equal bonds, whose nature is intermediate 
between double and single bond. Their character com- 
pares with the C—C bonds in benzene. 

A qualitative quantum-mechanical picture of this 
bond condition is illustrated in Fig. 1. The atoms con- 
stituting the polymethine chain lie with their centers in 
a plane and are joined by o-bonds. Each carbon atom 
of the chain and the two nitrogen atoms at the ends are 
the center of three such o-bonds as indicated by the 
lines in Fig. 1(a). 

To form the o-bonds each carbon atom and each of 
the two terminal nitrogen atoms uses three of its valency 
electrons. The fourth valency electrons of the carbon 
atoms in the chain and the remaining electrons in the 
outer shells of the two nitrogen atoms find themselves 
in the electrostatic field of the molecular skeleton. 
These electrons (x-electrons) are attracted by the posi- 
tively charged carbon and nitrogen atoms, but are re- 
pelled by the electrons forming the o-bonds. Due to the 
influence of the above electrostatic attractions and re- 
pulsions, the -electrons form an “electron gas” which 
in the shape of a charged cloud stretches along the 
polymethine chain both above and below the plane xy 
of the molecule. 

If such a molecule absorbs visible light, it means 
that the light vector concerned interacts with the easily 
displaceable x-electrons of the electron gas, which is 
thereby brought into a state of excitation. 
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Fic. 1. Cation of the cyanine dye Ia, Ib. (a) Molecular skeleton. 
(b) The x-electron gas extends along the polymethine chain above 
and below plane xy in the form of a charged cloud. Light absorp- 
tion is caused by the electrical vector of the incident light acting 
on the easily displaceable z-electrons. 


2. Quantitative Treatment 


The Bohr relationship between the wave-length \ of 
an absorption maximum and the excitation energy AE 
of the corresponding excited state (i.e., the difference 
in energy between the particular excited state con- 
sidered and the normal state) is 


\=hc/AE, (1) 


where / is Planck’s constant, and c is the velocity of 
light. This relation permits us to predict the absorption 
spectrum (i.e., the position of possible absorption 
maxima) from the excitation energies of the possible 
excited states of the z-electrons. 

In order to find the energy of the possible excited 
states of the electron gas, a few simplifying assumptions 
have to be made. Firstly, we restrict the z-electrons so 
that they can only move in the direction of the chain, 
ie., only along the zig-zag line of the polymethine 
chain. Secondly, we assume that the potential energy of 
an electron remains constant as it moves along the 
chain, and that it rises sharply to infinity as it comes 
to the ends of the chain. That means that we replace 
the z-electrons of the polymethine chain by electrons 
moving in a one-dimensional box of length L, where L 
is the length of the polymethine zig-zag chain (Fig. 2).* 


g 





Fic. 2. According to the model the z-electrons can only move 
along and in the direction of the polymethine zig-zag chain of 
length L. The potential energy along the length L is considered 
constant. 


* The potential energy along the chain does not actually rise 
sharply to infinity at the ends of the resonating portion. It shows 
a more or less steep increase at these point’, depending on the 
nature of the groups in the neighborhood of the terminal nitrogen 
atoms. For most of the cases dealt with here these groups are 
simple saturated structures, and we can assume that L is measured 
by the length of the polymethine zig-zag chain between the 
nitrogen atoms plus one bond distance to either side (see Fig. 2). 




















































(w2)+2 Fic. 3. Cation of the cyanine 


dye Ia, Ib. Energy levels in 
which a -electron of the elec- 
tron gas can remain. In the 
normal state the N/2 stablest 
levels are filled by two electrons 
each, as required by the Pauli 
exclusion principle. The re- 
maining levels are empty. (V 
is the number of electrons in 
the gas). 

The existence of the first (by 
far the strongest) absorption 
band is a result of the jump of 
an electron from the highest 
occupied level, No. N/2, to 
level No. ([NV/2]+1). 


(N/2)+1 
AE, 
N/2 
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With these assumptions it is easy to set up and solve 
the Schrédinger equation for the z-electrons, and the 
energy values which a particular electron can assume 
are simply calculated).» Figure 3 shows the energy 
levels of some of the lowest quantum states. 

According to the Pauli exclusion principle, not more 
than two of the electrons of the z-electron gas can co- 
exist in the same quantum state, and thus be at the 
same energy level. In the normal state all the lowest 
levels will then be filled, with two electrons each, to a 
certain height, depending upon the number of electrons 
available. All higher levels in this normal state will be 
empty. If V is the number of z-electrons making up the 
gas (in the case of the dye Ia, Ib, N is 8), then for the 
normal state the V/2 lowest levels contain two electrons 
each; the other levels are empty (see Fig. 3, the electrons 
are represented by dots). 

The existence of the first absorption band, which is 
practically the only important one, is associated with 
the jump of one electron from the highest occupied 
level, No. V/2, to the lowest free level, No. ([.V/2 ]+1). 
For the energy difference, AEZ;, between level No. N/2 
and the next highest one we obtain, on account of the 
assumptions made, the relation 


AE, = (h?/8mL’)(N+1), (2) 
where m is the mass of the electron, L (see above) is the 
length of the polymethine chain measured along zig-zag 
line of the chain links. By substituting (2) in (1) we 
immediately obtain an expression for the wave-length 
of the maximum of the first absorption band 


he 8mc LC? 


\,.=— = — 


; (3) 
h N+1 

The intensity of the absorption band, which is meas- 
ured by the oscillator strength, f, is also easily calcu- 
lated on the basis of this model. 

For the special case of a polymethine chain where 
every bond in the chain has a ¢rans-configuration (like 
the chain represented in Figs. 1 and 2) the oscillator 


b For details see reference 6. 
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strength is given by 






POO sina 
= y mere, 4 
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where 180°—@ is the valency angle between successive 
chain links. If the polymethine chain does not exhibit 
trans-configuration at every bond, but if at some, or 
even all links, the cis-structure prevails, the oscillator 
strength (which on our model is easily calculated for all 
configurations) must always be less than according 
to (4). 


The manner in which Eq. (4) can be derived will now be briefly 
indicated. From general quantum theory the transition prob- 
ability, with which an electron under the influence of light passes 
from a lower quantum state A to a higher state B, is easily calcu- 
lated and obviously determines the oscillator strength f4.2 corre- 
sponding to this transition. Hence, 
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fa B= 7g AE s-a( |\Xa-8|?+|Va.8|2?+|Za.8|?), (4.1) 
where 

Xa.s= f vavetadr, (42) 

Ya.B= f Vavs*ydr, (4.3) 

Za.5= | vava*edr. (4.4) 






In the above AE4.,z is the energy difference of the two states and 
va(x, y, 2) and Wa(x, y,z) are the wave functions of the electron 
in state A and B, respectively, when the molecule is fixed relative 
to an xyz coordinate system. The symbol dr is used to represent 
the volume element dxdydz in space, and the integrals are to be 
taken over the whole space. 

Here we are concerned with the transition of a z-electron of the 
polymethine chain from quantum state No. N/2 to state No. 
(EN /2]+1). The energy difference AEa.z in this case equals AF; 
as given by Eq. (2), and the wave functions of the electron in 
the two states, according to our one-dimensional electron-gas 
model, are: 












vwi2= (2/L)* sin((xs/L)N/2), (4.5) 

W241 = (2/L)* sin((xs/L)(LN/2]+1)), (4.6) 

where the variable s is the distance between a point on the zig-zag 

chain L and one of its ends when measured along the zig-zag path 

of the chain (see Fig. 2). The xyz coordinate system is now # 

placed relative to the molecule that the origin is at one end of the 

chain and that the x axis coincides with the direction of the chain 
as shown in Fig. 2. Consequently, 

x=scos(B/2). 


Formula (4.2) suitably applied to these conditions transforms to 


(4.8) 










(4.7) 








L 
X N/2+N/241= f ‘ Ynowni24ixds. 


Substituting Eqs. (4.5), (4.6), and (4.7) in (4.8) and integrating 
we obtain 


Xwnowi=— (21/12)(cos’)cav(w-+2) /(N+1)2). (49) 








Similar calculations applied to formulas (4.3) and (4.4) show that 
in this case Yyye.w/o41 and Zyw/2.n/241 are zero. 

Introducing these results in Eq. (4.1) gives the following result 
for fn/2+N/241 






N*(N +2)? 
(V+1)* 


As there are two electrons in the quantum state No. N/2, both 
of which can carry out this transition, the total oscillator strength 


4 
fni2+N/241= 5, (cos?B/2) (4.10) 
3x 
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of f/2+n/241 in Eq. (4.10), i.e., the value of f; is as in Eq. (4). 

The value of {4.8 as given by Eq. (4.1) corresponds to a random 
orientation of the dye molecules relative to the incident light 
which may be polarized or unpolarized. Different are the condi- 
tions in the case when all the dye molecules are orientated parallel 
to one another and when the electric vector of the incident light 
is parallel to, say, the x direction of the coordinate system men- 
tioned in connection with Eq. (4.1). The oscillator strength of the 
transition would then be 


fz, A+B= (8mr?/I?)AEs.p|Xa-z\?. (4.11) 
Similarly, 

Sy, A+B= (8mr*/h?)AE«.z| Va.zl?, (4.12) 

Se, AoB= (8m7?/I?)AEs.3|Za.z\*. (4.13) 


In the case of a polymethine chain with an all-trans-configura- 
tion, we have from Eq. (4.9) etc., that Xwy2.n/24140; Vwse.n/241 
=Zy/2+n/241=0. Hence, it follows from Eqs. (4.11), (4.12), and 
(4.13) that fe, wi2+n/2414%0; fy, wio+nwioui=fz,N/2+n/241=0. This 
expresses the fact that under these circumstances only the com- 
ponent of the incident light in the direction of the chain interacts 
with the molecule and hence light whose electric vector is parallel 
to the chain axes of the molecules will be most strongly absorbed 
while light whose electric vector is perpendicular to these axes 
will not be absorbed at all.¢ 


Beyond the first absorption band we expect further 
though weaker bands at shorter wave-lengths which are 
caused by a z-electron jumping, say, from energy level 
No. (LV/2]—1) to level No. ([V/2]+1), or to No. 
((V/2]+2) etc., or, say, from level No. NV/2 to level 
No. ([V/2]+2), or to No. ([V/2]+3) etc. 


From our model it follows that these transitions in part have 
polarization or components of polarization perpendicular to that 
of the first absorption band, and that the intensity of these bands 
will differ largely as we go from one cis-trans-isomer to the other. 


3. Comparison with Experiment 


All the factors entering Eqs. (3) and (4) can easily 
be determined in an actual case: 4, c, and m are uni- 
versal constants; L, the length of the polymethine chain 
is found from the known bond distances; and N, the 
number of z-electrons of the electron gas, results di- 
rectly from the structural formula. 

In the case of the dye Ia, Ib we find for L from Fig. 2, 


L=8l, (S) 


where / is the bond length of the chain elements. (/ 
equals 1.39 10-*® cm, which according to Pauling’® is 
the bond length of a C—C bond, with bond number 1.5, 
as is found in benzene.) Further, as already mentioned, 
V=8. Each carbon atom in the chain yields its fourth 
valency electron, and the two nitrogen atoms at the 
ends together give three. Finally (180°— 8) = 124°, which 
is the C-C=C valency angle. 

Using these values, as well as the usual ones of h, c, 
and m, in Eqs. (3) and (4), we obtain, 


d= 4530A 
_ fx= 1.86 


*Similar conclusions have been derived on the basis of the 
molecular and bond orbital methods. See Mulliken, reference 20. 

“L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
Versity Press, Ithaca, New York, 1945), second edition. 


theoretical. 
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fr assigned to the first absorption band must be double the value 


For this dye Brooker" obtained the values,? 


Ai =4450A 
fi=1.2 


which are in good agreement with the calculated ones. 
The experimentally found value for f; is smaller than 
that calculated for the all-trans-configuration shown in 
Fig. 1. It will be remembered that in connection with 
Eq. (4) we pointed out that such a /rans-configuration 
yields the highest value of f; as against any configura- 
tion having some cis-links. The lower value thus shows 
that the dye which was used in the experiment probably 
was a cis-trans-isomer mixture. 

As a further example we take the symmetrical carbo- 
cyanine dyes whose cations have the equivalent limiting 
structures 


experimental, 






H.C, —-N oC —c£¢ —C=C N—C,H, IIb 
c-¢ oH H Jute =C 
H H H H 


As in the case of the dye Ia, Ib we have a polymethine 
chain wherein each C—C bond can be considered to be 
of bond number 1.5 as in the benzene nucleus. 

As a generalization of Eq. (5) we find the following 
expression for L, the length of the polymethine chain 
(see Fig. 2), 


L=(2j+2)l, (6) 


where j is the number of double bonds counted along 
the chain in either of the limiting structures. Further, 


N=2j+2. (7) 


1 L. G. S. Brooker, Rev. Mod. Phys. 14, 275 (1942); R. E. Burk 
and O. Grummitt, Advances in Nuclear and Theoretical Organic 
Chemistry (Interscience Publishers, Inc., New York, 1945), 
Chapter 4; Brooker, Sprague, Smyth, and Lewis, J. Am. Chem. 
Soc. 63, 1116 (1940): Brooker, Keyes, and Williams, J. Am. Chem. 
Soc. 64, 199 (1942). 

4 The result given for the wave-length of the absorption maxi- 
mum refers to the dye Ia, Ib; the corresponding value of the ab- 
sorption intensity could not be found in the literature, and the 
result for f; reported refers to a dye which differs from Ia, Ib only 
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Fic. 4. Cation of the dye IIa, IIb. Position of the maximum of 
the first absorption band in the cases, 7—4=0, 1, 2, 3. Dotted lines: 
Experimentally found position (according to Brooker). Arrows: 
Calculated from Eq. (8). 


From Eqs. (6), (7), and (3) we obtain 


(2j-+2)" 
\i, = 637-————__ (angstrom). 


27+3 


(8) 


In Fig. 4 the dotted lines show the absorption maxima 
found experimentally by Brooker" for the cases (j—4) 
=0, 1, 2, and 3. The values for the absorption maxima 
calculated from (8) are shown by arrows. In all cases 
excellent agreement between theory and experiment is 
found. 

Figure 5 gives the experimental absorption curve in 
the case (j—4)=1. Arrow No. 1 shows the position of 
the band maximum on the basis of the electron gas 
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eK. F. Herzfeld and A. L. Sklar, Rev. Mod. Phys. 14, 294 
(1942), Eq. (8) or (10), Eq. (7). For the exchange energy (which 
enters the equation based on the bond orbital method) we have 
used the values a=36 kcal./mole (arrow No. 2) and a=49 
kcal./mole (arrow No. 2’). The former is based on the experi- 
mentally found resonance energies of a number of aromatic hydro- 
carbons (compare, e.g., Eyring, Walter, and Kimball, Quantum 
Chemistry (John Wiley and Sons, Inc., New York, 1944), p. 256), 
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model. Arrows No. 2, 2’, and 3 give the positions of the 
maximum calculated on the basis of the bond orbital 
and molecular orbital methods, respectively, by using 
the equations of Herzfeld and Sklar.° 

Besides the cyanines a further number of dye types 
are known where the electron gas model can be con- 
sidered to yield relatively sound results, and where good 
agreement with experiment is found. We will select the 
following dyes as examples.‘ 
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the latter is based on the absorption spectra of aromatic hydro- 
carbons (compare, e.g., Férster, reference 2). For the overlap 
energy (which enters the equation based on the molecular orbital 
method) the value 8= 20 kcal./mole (arrow No. 3) was found from 
resonance energies using the same source as above. 

The values of these pararneters deduced by introducing the 
experimental value of \; of the dye considered in Herzfeld an 
Sklar’s equations are as follows: a=210 kcal./mole; p=81 
kcal./mole. sm 

{In order to get satisfactory agreement with experiment it 's 
necessary in some of these and in other cases to make allowance 
for the influence of neighboring substituting groups (compare 
reference a). In the case of dye Va, Vb, for example, due to the 
easily polarized benzene nuclei at both ends of the polymethine 
chain, the potential energy of the x-electrons increases less rapidly 
at the ends of the chain than when these benzene nuclei are absent. 
We take this into account by increasing the length L by a constant 
amount (3)/ over its value given by Eq. (6) in the absence 0 
these nuclei. We then write L=(2j+2+ 4)l. More generally, 
L=(2j+2+a)/ and thus, 

Ar = 637[(2j+2+«)*/(2j+3) (angstrom), 
where a is a constant for each series of symmetrical polymethines, 
depending upon the nature of neighboring substituting groups: 
a turns out to be within the limits —1 and +1 for most seri¢s. 
(Cf. also reference 6, p. 1451 ff.). 
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Malachite green: 


In each case, the molecule is shown as two equivalent 
limiting structures, labeled a and b, which are formed, 
one from the other, when the single and double bonds 
interchange. The resonating portion is indicated by 
heavy lines. It must be mentioned that in the cases of 
dyes IV and VI the resonating portion is actually ex- 
tended over both sides of the benzene nuclei: there is 
thus a branched z-electron gas. The simplified treat- 
ment as an unbranched gas, that is by neglecting the 
r-electrons of the double bonds indicated by thin lines, 
leads in such cases to similar results as are obtained by 
amore refined treatment’ based on a branched electron 
gas model. 


We mentioned in Section 2 that a medium which contains dye 
molecules orientated parallel to one another should in the region 
of the first band absorb light whose electric vector is parallel to 
the axes of the molecules more strongly than light whose electric 
vector is perpendicular to the chain axes. This is actually the case 
as has been shown by Land and West.” These authors have 
prepared molecular dispersions of cyanine and other dyes in 
polyvinyl alcohol foils and have orientated the axes of the dye 
molecules by stretching the foils in a certain direction. They found 
that the absorption of light whose electric vector was parallel to 
the direction of strain was by far stronger than the absorption of 
light whose electric vector was perpendicular to this direction. 

Observations of the fluorescence of polymethine dyes orientated 
in polyvinyl alcohol lead to conclusions similar to those deduced 
from the above-mentioned measurements of the dichroism of such 
dispersions. This has been shown by experiments on a number 
of dyes which were kindly supplied by Dr. J. D. Kendall (Ilford 
Ltd., London) and by the CIBA A. G. Basel. It has been found 
that a foil of cyanine dye molecules (orientated in polyviny] 
alcohol as mentioned above) when illuminated with unpolarized 
ultraviolet light in most cases gives out a strong fluorescence. This 
fluorescent light is almost completely polarized in such a way that 
its electric vector is parallel to the direction of strain, i.e., parallel 
to the axes of the chains of the dye molecules. 

This can be readily understood if we consider that the wave- 
length region of the fluorescent light is in.the neighborhood of the 
first absorption band of the dye investigated (though shifted some- 
what toward longer wave-lengths) so that it is on hand to presume 
that the fluorescence band is simply the reverse electronic transi- 
tion corresponding to the absorption band. The fluorescence band 
would then be the result of a jump of an electron from level No. 
((V/2]+1) back to level No. N/2. It is thus not surprising when 
the polarization of the fluorescence and absorption bands are the 
same as the experiments mentioned show. 

—_e_-__——. 

"E. H. Land and C. D. West, Alexander’s Colloid Chemistry, 

Reinhold, New York, 1946, Vol. VI, p. 160. 


B. PORPHYRINES AND SIMILAR COMPOUNDS 


In the case of the porphyrines and the phthalo- 
cyanines we find conditions similar to those in the cases 
so far considered. These molecules also may be shown as 
resonating between two equivalent limiting structures, 


Vila 


by an interchange of the alternating single and double 
bonds indicated by the heavy lines. These bonds in 
character between single and double bonds form the 
closed ring system shown. 

For a quantitative treatment we again make the 
simplifying assumption that the z-electrons can move 
only in the direction of the closed chain, and that the 
potential energy is constant along its whole length. This 
model leads to an explanation of the color of the blood 
porphyrines.* 
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Fic. 5. Cation of the dye Ila, ITb in the case when 7—4=1. The 
drawn-out curve is the experimentally found absorption curve. 
The arrows indicate the positions of the absorption maximum 
calculated on the basis of the various methods: Arrow No. 1: 
Electron gas model (according to Eq. (3) or (8)). Arrows No. 2 
ped: bond orbital method. Arrow No. 3: molecular orbital 
method. 


& The mean position of the absorption bands of the porphyrines 
in the visible spectrum can be interpreted, although their com- 
plexity cannot be explained, on the basis of the simple model 
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C. UNSYMMETRICAL POLYMETHINE DYES, 
POLYENES, AND RELATED 
COMPOUNDS 





1. More Detailed Discussion of the Free-Electron 
Gas Model for Symmetrical Polymethines 


For the quantitative discussion of the light absorption 
by symmetrical polymethines, a model was set up on 
the assumption that the potential energy V of a 
m-electron is constant along the chain and rises sharply 
to infinity at the ends (Fig. 7(b)). In the following we 
will discuss how far we were justified in making this 
simplification. 

We will lead a z-electron along the polymethine 
chain, e.g., along the zig-zag line indicated in Fig. 6 for 
the case 7=3. Its potential energy will vary as shown 
in Fig. 7(a), i.e., it will alternately decrease and in- 
crease as the electron approaches and moves away from 











Fics. 6 and 7a-d. Symmetri- 
cal and unsymmetrical poly- 
methines. We follow a z-elec- 

v tron as it moves along the 
dotted line in Fig. 6, i.e., as it 
moves along the chain of what 
can be a symmetrical or un- 
symmetrical polymethine. 

If the chain is that of a sym- 

“Tt tt. s.. metrical polymethine, the po- 
tential energy, V, will alterna- 
tively increase and decrease 
lv 
(b) 


(a) 


along the chain as indicated in 
Fig. 7(a). For the quantitative 
treatment of the optical be- 
havior we consider this curve 
—e—e—o—_8_0—_9_0—_ replaced by the lines of Fig. 

Nn cc ccecN 7(b) (V constant along the 
chain, and rising to infinity at 
the ends). 

If the chain is that of 
an unsymmetrical polymethine 
(where the bond distances 
(c) are alternatively longer and 

shorter), V will vary along the 

a chain as shown in Fig. 7(c). In 
we cc cc N the quantitative treatment of 
the optical behavior we think 

this curve replaced by the 

|v curve indicated by the lines of 





—— 
< 
ace 


Fig. 7(d). (V has a sine curve 

variation of amplitude Vo along 

“V, the chain, and rises sharply to 
~--"° infinity at the ends). 

a x o oe a Note coincidence of the crests 
and troughs of the sine curve 
with the longer and shorter 
bonds, respectively. 


discussed. This can be done with a model which in particular takes 
into account the z-electrons associated with those double bonds 
in VIIa, VIIb not indicated heavily, and which further allows for 
the fact that the H atoms in the center of the ring system are 
actually equally shared by the four N atoms. For a detailed dis- 
cussion of this see a paper to be published shortly in Helv. 
Chim. Acta. 
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the positively charged carbon and nitrogen atoms. At 
the ends of the polymethine chain the potential energy 
rises rapidly and forms a barrier to an outward moving 
electron. 

A quantum-mechanical treatment of an electron in 
such a periodically varying potential" has been worked 
out by Morse.'* He showed that here the levels group 
themselves into bands. Each band contains (2j+2) 
levels. For the case considered in Fig. 8(a) 7=3, and 
the number of levels in each band is 8. (Only the 8 levels 
of the first band and the lowest two levels of the second 
are shown in Fig. 8(a).) The grouping of levels into 
bands is characteristic of a periodically varying poten. 
tial, and will not be found when the potential is constant 
(Fig. 8(b)). 

The normal state of the w-electron gas corresponds 
to the arrangement in Fig. 8(a) where the first energy 
band is half-filled with the electrons. The first absorp- 
tion band, as well as further bands, are associated with 
electron jumps from the highest occupied levels to the 
next and higher levels. In the case of the symmetrical 
polymethines, which we are considering, this would 
mean jumps between levels in the central region of the 
first energy band. The distances between levels situated 
in the region of the middle of an energy band are very 
nearly the same as the distances between energy levels 
in the case of a free-electron gas. Hence we were justified 
in assuming the simplified model of a free-electron gas 
when dealing with the light absorption of the syn- 
metrical polymethine dyes.’ 


2. Qualitative Discussion of the Quantum- 
Mechanical Aspect of Unsymmetrical 
Polymethine Dyes 


Somewhat more complicated conditions are found in 
the case of unsymmetrical polymethines and related 


h The potential along the chain is of course not strictly per 
odical, because it was not entirely correct to assume that the 
bonds along the resonating portion of a symmetrical polymethine 
have all the same double bond character (bond number 1.5) an¢ 
that consequently all C—C bond distances along the chain art 
equal. According to a suggestion by L. Pauling (Proc. Nat. Aca. 
Sci. 25, 577 (1939); H. Gilman, Organic Chemistry (John Wiley 
and Sons, Inc., New York, 1938), Chapter 22), we have to considet 
besides the two equivalent resonating structures with the positive 
charge on either of the two terminal nitrogen atoms, intermediate 
structures with the positive charge on some other one of the atom 
of the resonating portion. The effect of these intermediate struc 
tures is to change somewhat the double bond character and conse 
quently the bond distance of each chain bond, depending on the 
position of the bond in the chain. Here we shall neglect the infv- 
ence of these intermediate structures on the bond distances, but 
it should be pointed out that they should be considered in a mort 
precise treatment. 

13 P. M. Morse, Phys. Rev. 35, 1310 (1930). 

i The same applies in the case of radical-like colored compounés 
such as Wurster’s red, Tschitschibabin hydrocarbon, quinhydroné, 
the colored reduction product of 2,’ dipyridyl, and similar sv 
stances. Here too the levels of the first energy band are only partly 
filled in the normal state and the model of the free-electron §* 
can be considered to describe the light absorption of these com 
pounds. Values obtained (see reference 9) by this method are I" 
deed also in good agreement with experiment. 
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Fic. 8(a), (b), (c), (d). Energy 
levels of an electron in the poten- 
tial fields shown in Fig. 7(a) to (d). omen camee 
(Fig. 8(a) corresponds to Fig. 7(a), 
Fig. 8(b) to Fig. 7(b), etc.). Repre- —_— 
sentation is schematic with dis- 
tances between higher levels shown 
reduced. 
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compounds. Let”us, for example, consider the dye with 
the cation: 


$ 
“uc* 
ag | a oi 
oa 
~—_ gg 
C, Hs Hc n/ ey, Villa 
C, Hs 
$ 
| Cae C=C S=C—CH 
Hoe py AH HH §f 
NN c ¢€ VIIIb 
| /O+/\ 
Cy Hs He TN CH, 
C,H; 


As was the case for the cations of symmetrical poly- 
methines it is possible to write two limiting structures 
VIIa and VIIIb which arise from a changing over of 
double and single bonds in the chain. Unlike the case 
of the symmetrical compounds, however, we now find 
that the two limiting structures are not equal in energy, 
and they will not make equal contributions to the 
hormal state. For example VIII, Brooker" found that 
structure VIIIa contributes more than VIIIb. 

In view of this we can no longer expect that as in the 
case of symmetrical polymethines the chain should con- 
sist of like C—C bonds of bond number 1.5. What we 
ind are alternating somewhat longer and somewhat 
shorter bonds with predominating single and double 
bond character, respectively. The longer and shorter 
bonds are there where the single and double bonds are 
written in the structure which contributes more to the 
hormal state. 
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We shall see that this alternation of longer and shorter 
C to C distances brings about a disturbance in the 
behavior of the z-electron gas along the chain. If we 
lead a z-electron along the chain in the manner dis- 
cussed in Section 1 in connection with Fig. 6, we will find 
that for the unsymmetrical polymethine the potential 
energy varies not as in Fig. 7(a) but as in Fig. 7(c), i.e., 
the periodic variation is complete only after passing two 
carbon atoms as against one when the polymethine is 
symmetrical. 

This difference in length of the period of the potential 
along the chain, distinguishing the cases of a sym- 
metrical and an unsymmetrical polymethine, causes 
each of the energy bands found for the symmetrical 
compound to divide into two separate energy bands 
for the corresponding unsymmetrical compound. (See 
Fig. 8(c)). 

In the normal state of the unsymmetrical poly- 
methine the first energy band formed, as above, is now 
completely filled with the available z-electrons, and all 
the other bands are empty, as illustrated by Fig. 8(c). 
The first absorption band results, as always, when an 
electron jumps from the highest occupied to the next 
free level, i.e., in this case from the highest level of the 
first energy band to the lowest level of the second energy 
band. This distance, however, is larger than the dis- 
tance between the corresponding levels in the case of 
a free-electron gas (Fig. 8(b)). Hence, we are no longer 
able to use the free-electron gas as the basis of our 
approximation. 


3. Quantitative Treatment 


As seen above, the z-electrons are actually in a poten- 
tial field whose periodicity is as shown by Fig. 7(c). It 
is permissible, however, as an approximation, to assume 
a one-dimensional potential field which has a sine wave 
variation along the chain, as indicated in Fig. 7(d). The 
maxima of this sine curve correspond to the middles of 
the longer C—C bonds; the minima, to the middles of 











n 2 


Fic. 9. Dependence of \; on Vo for various values of 7, according 
to Eq. (11). Note that the increment Ady,,;,;;1 decreases the more 
rapidly with increasing values of 7, the larger Vo is. 


the shorter. At both ends of the chain the potential 
energy is assumed to rise to infinity as in the case of the 
free-electron gas model (Fig. 7(b)). The small effect 
that this approximation has on the position of the energy 
levels is shown schematically for the two cases Fig. 7(c) 
and Fig. 7(d) in Figs. 8(c) and 8(d), respectively. 
Using the procedure of Morse” we obtain, in good 
approximation, 


he? 1 
sB=—_(V-+1)+1o(1-—), (0) 


9 


8mL? 


where AE, is the energy difference between the highest 
energy level of the first energy band and the lowest level 
of the second energy band. L is (as before) the length 
of the polymethine chain measured along the zig-zag 
line of the chain links, V is the number of z-electrons, 
Vo is the amplitude of the sine curve used to approxi- 
mate the variations of the potential energy. Vo is a 
measure of the asymmetry of the dye, i.e., of the relative 
contributions of the two limiting structures. If we put 
Vo equal to zero corresponding to the case of a sym- 
metrical polymethine, we find, as would be expected, 
that Eq. (9) reduces to Eq. (2). 

If we substitute (9) in (1) we obtain for the wave- 
length of the first absorption band® 


1 
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\4 G. Schwarzenbach, Zeits. f. Elektrochemie 47, 40 (1941); Schwarzenbach, Lutz, and Felder, Helv. Chim. Acta 27, 576 (1944). 


Further, if we substitute for Z and N from (6) and 
(7), respectively, and introduce the values of the con- 
stants h, c, and m, Eq. (10) transforms to 


, 1.23 108 
"49.30 (2j+-3)/(27-+2)7]+ Volt —1/(27-+2)] 


where A; is in angstrom units, Vo is in electron volts. 

Figure 9 illustrates the dependence according to Eq. 
(11) of A: on 7 for various values of Vo. In the case of 
dyes typified by the symmetrical polymethines (V»=0), 
we see that the first absorption band is displaced 
toward higher wave-lengths by a certain amount 
Ad1;;,j41 aS We move up step by step (increasing /) ina 
particular series. Ad;;;,;+1 can in practice be considered 
constant for these series. In the case of dyes typified by 
the unsymmetrical polymethines, the amount AdA,,; j; 
decreases as we move up a homologous series, i.e., in- 
crease 7. The larger Vo (i.e., the larger the contribution 
of the one limiting structure relative to the other), the 
more marked is the rate with which Adj,;, ;41 decreases. 

The first absorption band of a dye typified by the 
unsymmetrical polymethines will thus always be found 
at a shorter wave-length than the band of the correspond- 
ing symmetrical compound of the same length of chain. 
The displacement toward shorter wave-lengths will be 
the bigger the more the one limiting structure outweighs 
the other. 





(11) 


4. Comparison with Experiment 


The expected displacement toward shorter wave- 
lengths in going from a dye of the symmetrical poly- 
methine type to the corresponding unsymmetrical com- 
pound has already been observed by Schwarzenbach" 
and Brooker" for a large number of examples. We shall 
limit ourselves to a discussion of a few selected cases. 


Unsymmetrical Cyanines, Oxanoles, Merocyanines, 
and Anhydro Bases of Symmetrical Cyanines 


As a first example let us again consider the unsym- 


‘i= . (10) metrical cyanine VIIa and VIIIb. This can be regarded 
(Vo/he)(1—1/N)+(h/8mc)(LN+1]/L’) as a hybrid of the two dyes 
S SN 
Ho c~ \ / CH, : 
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) and H hak a oe For the two symmetrical dyes (Voe=0) we obtain from 
con- i tot ii € — ' I Eqs. (8) or (11) a theoretical result, 1, theor=4530A. In 
= c C good agreement with this we have, according to 
\ \Nu JN Brooker" the experimental value Aj, exp=4450A for the 
(11) Ho” \y4 CH, H,C Nn CH; [Xa dye Ia, Ib; and A1,exp=4490A for the dye [Xa, [Xb. 
] | For the unsymmetrical dye VIIIa, VIIIb, on the other 
nm CH; C,H, hand, we find" Ai, -xp=4170A, which as expected con- 
= . H stitutes a considerable displacement toward shorter 
=0), . —C ™Cmc—c wave-lengths. To assess quantitatively the asymmetry 
laced | | H il | of our dye VIIIa, VIIIb we introduce the experimen- 
C fk C a tally found wave-length ; into Eq. (11) and thus find 
= +4f~ i =0.26 ev. 
dered Hc” Ny 4 CH, Hy c/ N,7 CH. IXb that the amplitude Vo=0.26 ev 
ed by | | As a further example, we consider the dye 
“s Cols “ols 
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eases. H H 
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For the two symmetrical dyes we obtain from Eq. (8) 
the value A1, theor=5790A. This is in satisfactory agree- 
ment with the experimental results Ai, -xp=5910A (dye 
XIa, XIb), and Aj, exp=5750A (dye XIIa, XIIb). For 
the unsymmetrical cyanine Xa, Xb the largely differing 
value A1,exp=5020A is found." Using this result to 
determine Vo from Eq. (11), we find Vo=0.37 ev, i.e., 
a value larger than that for the dye VIIIa, VIIIb con- 
sidered above. From this follows, as has already been 
found by Brooker," that in the normal state Xa out- 
weighs Xb by more than VIIIa outweighs VIIIb. 
Similar relationships were found by Brooker" to exist 
for a large number of further cyanines and mero- 
cyanines. Of particular interest is the behavior of the 
merocyanines of the general structure XIIIa, XIIIb: 








H 





In these compounds it is found that the maximum of 
the absorption band occurs there in the spectrum, where 
it would be expected on the assumption of a symmetrical 
structure, and is thus not displaced to shorter wave- 
lengths us in the other cases. This shows" that the two 
limiting structures XIIIa and XIIIb take equal shares 
and that the polymethine chain as in the case of sym- 
metrical cyanines is made up of like C—C bonds of bond 
number 1.5 (see reference h). 


HANS KUHN 





e js5 

— 

fh ¢% 7 

Pa F $ ? 3 





000 4000 6000 7000  §000 


A 


j=2 34 


(b) 


7000 





1 
3000 4000 5000 6000 


i 
8000 A 
Fic. 10. Absorption curves according to Brooker: (a) sym- 


metrical cyanines Va, Vb (dotted curves), (b) the corresponding 
anhydro bases XIVa, XIVb (full line curves). 


Free Cyanine Bases 


It is interesting to compare the exceptional case of 
the merocyanines XIIIa and XIIIb with the case of the 
anhydro bases of the symmetrical cyanines; for example, 
the compounds of general structure XIVa, XIVb: 


CK rmetemet 60 


XIVa 
C2Hs 






The limiting structure XIVa (corresponding to XIIIa) 
clearly contributes much more to the normal state than 
the dipolar structure XIVb (corresponding to XIIIb). 
We thus expect a very pronounced decrease in the dis- 


TABLE I. 












(A) 
calculated from 





(A) Eq. (14) for 

Polyene : i exper. Vo =2.00 ev 
Butadiene 2 2170 2330 
Hexatriene 3 2600 2820 
Octatetraene 4 3020 3200 
Axerophtene 5 3460 3500 
Anhydro Vitamin A 6 3690 3750 
B-Carotene 11 4510 4510 
Dehydro-8-Carotene 12 4750 4610 
Dehydrolycopene 15 5040 4860 








iIn changing over from structure XIVa to structure XIVb 
energy must be expended in the separation of the opposing electric 
charges. 
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placement Ad1;;,;;1 as the polymethine chain grows 
longer, i.e., aS we increase 7. 

The experimentally determined" absorption peaks of 
the bases XIVa, XIVb are shown for the case when 
j=2, 3, 4, and 5 in Fig. 10(b). For the sake of compari- 
son peaks (taken from Brooker") of the corresponding 
symmetrical cyanines Va, Vb are shown in Fig. 10(a). 
The relative position of the maxima of these curves are 
as expected. By introducing the observed X;-values of 
the maxima of the absorption curves of the anhydro 
bases in Eq. (10), we obtain approximately 1 ev for 
the amplitude Vo of the potential energy along the 
chain.* 


Polyenes 


Still more marked than in the case of the anhydro 
bases of the symmetrical cyanines, is the predominance 
of the reference structure XVa 


,.c—clc—c\c—cn,, 
H\H H/ 


j'-2 


XVa 


in the case of the polyenes. This reference structure con- 
tributes decidedly more to the normal state than any 
limiting structure that arises from an interchange of 
single and double bonds such as, e.g., 


The difference between longer C—C bond distances 
(“single bonds’) and shorter bond distances (“double 
bonds”) is here, then, particularly pronounced. We thus 
expect a still stronger convergence of the displacement 
4\;,;41 With increasing 7’ than in the case of the 
anhydro bases of the cyanines. 

In Table I, column 3, we have collected! the experi- 


‘In the quantitative treatment we have taken into account the 
disturbing effect of the two benzene nuclei situated at the end of 
the polymethine chain, as had to be done in the case of the corre- 
sponding symmetrical cyanine Va, Vb (cf., reference f). 

'The results are for solutions in hexane. They are. taken from 
the following: J. R. Platt and H. B. Klevens, Rev. Mod. Phys. 16, 
182 (1944); P. Karrer and E. Jucker, Carotinoide (Verlag. Birk- 
héuser, Basel, 1948). The result for Axerophten (the hydrocarbon 
of fundamental importance in Vitamin A) is taken from P. Karrer 
and J. Benz, Helv. Chim. Acta. 31, 1048 (1948), and is for a 
solution in ethanol. The result for anhydro-Vitamin A was very 
indly communicated to me by Dr. M. Kofler of Firma Hoffman 
LaRoche Basel. 


(b) 
NN 
e€ ¢ceé 


ec cc cc 


Fic. 11. Potential energy fields of the polyenes. The potential 
energy of a z-electron as it moves along the zig-zag chain of the 
polyene is shown in (a). For the quantitative treatment, the curve 
(a) is considered replaced by the sine curve (b) of the same 
periodicity. 


mentally determined maxima™ of the first absorption 
bands of a number of polyenes with 7’-values from 2 to 
15. (j’ is the number of conjugated double bonds). These 
results show the expected relationship. They deviate 
more than any of the other examples dealt with in this 
section from the results that would be expected on the 
basis of a free-electron gas model. In the case of de- 
hydrolycopene (j’= 15), for example, calculating A; from 
Eq. (3) which assumes a free z-electron gas we obtain 
20300A, while the experimental result, 4;=5040A, is 
four times smaller. To consider the z-electron gas of a 
polyene as a free-electron gas for a quantitative treat- 
ment as has recently been attempted by Bayliss* would 
thus not seem permissible. 

As in the preceding cases we consider the z-electrons 
placed in a one-dimensional potential field with a sine 
wave variation. If we designate the C—C bond distance 
of the “single bond” with /;, and the “double bond” 
distance with /,, we find, according to Fig. 11, the 
following expression for L." 


L=(j'+3)(t+h). (12) 


From measurements by Schomaker and Pauling’ on 
butadiene, it follows that /;=1.4610-* cm, /,=1.35 
X10-* cm. Further, we have for the number of z- 
electrons, 


N=2j’. (13) 
™ The first absorption band of the polyenes possesses as a rule 
three neighboring peaks. These, however, have to be attributed to 
the same electron jump. The result given for \; in such a case 
refers to the centroid of the total band. In the instances of the 
polyenes, here investigated, the wave-length of this centroid 
coincides with the wave-length of the center one of the three peaks. 
® As previously discussed the points where the potential can be 
assumed to be infinite are taken one bond distance to either side 
of the terminal C-atoms of the conjugated chain system. 
1939) Schomaker and L. Pauling, J. Am. Chem. Soc. 61, 1769 
939). 
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Substituting (12) and (13) in (10) and using the above 
values for J; and /2, we obtain the expression 


1.23 104 
Ai= ’ 
18.8(27’+1)+ Vo(1—(27’)>) 


where Aj, is in angstrom units, Vp is in electron volts. 

If we put Vo equal to 2.00 ev, i.e., a value double that 
proposed for the anhydro bases XIVa, XIVb, we can 
calculate \, for various values of 7’. The results are 
given in Table I, column 4, and are in satisfactory agree- 
ment with the experimental values. 

All the same, we can see from the manner in which the 
calculated and experimental values compare, that Vo is 
not absolutely constant, but that it decreases slightly as 
we increase the length of the chain, i.e., increase 7’.° 
This tends to show that in the case of a polyene contain- 
ing a large number of conjugated double bonds, the 
C—C “double bonds” are less double bond in character, 
and the “single bonds” correspondingly more double 
bond in character than those of, say, butadiene. We thus 
agree with Lennard-Jones,'® Pauling and Sherman,” 
Coulson,'* Penney," and Mulliken,” who also point out 
that the character of the two kinds of bonds in polyenes 
becomes more and more alike as the number of con- 
jugated double bonds is increased. 

The particular case of the light absorption of the 
polyenes has been subject to a number of theoretical 
considerations by various authors. The best results 
are those of W. Kuhn.” His model replaces the 
polyene chain by a series of coupled linear oscillators. 
Each oscillator corresponds to a double bond of the 
conjugated system. For the wave-length A, of the first 
absorption maximum he finds the expression: 

a 


i= 9 
* [1—b cos(w/Cj’-+1)) } 


(14) 








(15) 





KUHN 








where a and 6 are constants. The values of the two 
parameters a and b have to be found from the positions 
of the absorption maxima of two representatives of the 
polyene series. Let us, according to W. Kuhn, put 
a=1.57X10°A, b6=0.922. We obtain from Eq. (15) re- 
sults for \1, which agree with the experimentally ob- 
served values about as well as those obtained from Eq, 
(14) when the single experimentally to be determined 
parameter, Vo, is made equal to 2.00 ev. 

The model used by W. Kuhn is in part the same as the 
one used by Lewis and Calvin” whose quantitative 
treatment, however, was based on assumptions which 
do not seem justified. Other authors have used the bond 
orbital and the molecular orbital methods.” These have 
led to quite satisfactory expressions for the intensity of 
the absorption band of the polyenes, but the results 
for the positions of these bands do not agree with 
experiment. 


5. The Classical Color Theory of Witt on the 
Basis of the Electron Gas Model 


According to the theory of Witt”* as extended by 
Dilthey and Wizinger,”> a dye molecule will, in general, 
have these three parts: 


1. Asystem containing aromatic nuclei, or a chain of conjugated 
double bonds: the chromophor. 

2. An electron-donating group like CH;—, 
CH;0—, R2N—; the auxochrom. 

3. An electron-accepting group like —CN, —NO, —NOz: the 
antiauxochrom. 


HO—, H.N-, 


As typical examples we will consider the following 
stilbene derivatives: 


CH;0—< CH=CH) OCH, (colorless), XVI 


O.N-K —CH=CH-K_ NO: 
cHO-€ )—CH=CH-K__ NO: (yellow), 
(CH):.N—K)—CH=CH-C__ NO: 


(pale yellow), XVII 
XVIII 
(red). XIX 


© If in each case we calculate Vo from Eq. (14) using the observed value of 1, we obtain Vo=2.55 ev, 2.26 ev, 2.06 ev, 1.92 ev, 


1.89 ev for j=2, 4, 6, 12, 15, respectively. 


16 J, E. Lennard-Jones, Proc. Roy. Soc. London (A) 158, 280 (1937). 


17L, Pauling and J. Sherman, J. Chem. Phys. 1, 679 (1933). 


18C, A. Coulson, Proc. Roy. Soc. London (A) 169, 413 (1939); J. Chem. Phys. 7, 1069 (1939). 


19 W. S. Penney, Proc. Roy. Soc. London (A) 158, 306 (1937). 


2 R. S. Mulliken, J. Chem. Phys. 7, 364, 570 (1939). 
21 W. Kuhn, Helv. Chim. Acta 31, 1780 (1948). 


22 G. N. Lewis and M. Calvin, Chem. Rev. 25, 237 (1939); G. E. K. Branch and M. Calvin, The Theory of Organic Chemistry 


(Prentice-Hall, Inc., New York, 1941), p. 165. 


23 E, Hiickel, Zeits. f. Physik 70, 204 (1931); 76, 628 (1932); Zeits. f. Elektrochemie 43, 752 (1937); R. S. Mulliken, J. Chem. Phys. 
7, 364, 570 (1939); Rev. Mod. Phys. 14, 265 (1942); Th. Férster, Zeits. f. physik. Chemie (B) 47, 245 (1940). 
20. N. Witt, Ber. d. D. chem. Ges. 9, 522 (1876); 21, 321 (1888). 


25 W. Dilthey and R. Wizinger, J. prakt. Chem. (2) 118, 321 (1928); R. Wizinger, J. prakt. Chem. 157, 1940 (1941). 
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The first two compounds, of which the first has no anti- These things can be explained on the basis of the 
auxochrom, and the second no auxochrom, are colorless electron gas model in the following manner.” 
and pale yellow, respectively. Only the other two com- In the case of the colorless compound XVI we have a 
pounds, which possess all three of the above parts, have polyene-like system because here too the reference 
strong yellow and red color, respectively.” structure XVIa 
a= C 
o~*% G® | 
CH;0—-C Came CSCC C—O CH XVIa 
\ f WH HN ff 
C=C C=C 
H H H 4H 
H H H #H 
Cas C Cac 
¢ N a 4 C—OCcH, XVIb 
CH; O—C CaeC mC SSC 3 
. , i. / 
H H H 4H 
H 4H 
cmc, oe 
CH o~i¥ Caz C ae CEEC C—O CH XVIc 
ee 
C=z CG C=C 
H H H H 
contributes more to the normal state than such limiting _ in the ultraviolet. Hence, it is understandable that this 
structures as XVIb, XVIc formed by a changing over compound should be colorless. 
of double and single bonds. The first absorption band Also in the case of the pale yellow compound 
of this compound will then be expected approximately, XVII do we have a polyene-like system. Here, how- 
where that of the corresponding polyene with five con- ever, we have a chain of seven conjugated double 
jugated double bonds is to be found, i.e., at about 3500A _ bonds. 
Come Cae 0 
(@) epee ae 
¥. a SS 4 i’ + 4 
te: - ws nes ata - N XVIIa 
0 Nome C=C ) 
H H H H 
From Table I we can see that the first absorption band auxochrom and antiauxochrom changes the otherwise 
is to be expected near 3900A, i.e., just within the visible polyene-like chromophor system into a cyanine-like 
part of the spectrum and the pale yellow color is system. This brings about a shift of the absorption band 
explained. to longer wave-lengths as has already been discussed. 
In case of the colored compound XVIII the reference The observed strong color of the compound XVIII is 
structure XVIIIa is of comparable importance to the thus very understandable. 
dipolar structure XVIIIb which arises from the refer- —————— 
ence structure by the double and single bonds in the » The fact that dye molecules can as a rule be represented as 
chain changi The stabili £ the limit: resonating between two or more valency structures of comparable 
anging over. Lhe stability of the limiting struc- importance has already been recognized by B. Eistert and F. 
ture XVIIIb arises from the fact that the electron —_ = - oes, Angew. Chem. 49, 33 one a. d. D. 
- . oe em. S. , 2395 (1936), Taut ie un esomerie 
es methoxyl group (the auxochrom) is positively oie Stuttgart, 1938)] and lihaoutiontie by C. R. Bury, 
charged, while the electron-accepting nitro group (the Jj. Am. Chem. Soc. 57, 2115 (1935). An investigation of the 
antiauxochrom) is negatively charged. This condition is empirical connection between resonance and color is in particular 
due to G. Schwarzenbach (reference 14). For qualitative theories 


similar to that of the merocyanines XIIIa, XIIIb, and 
the other polymethine dyes. Thus, the presence of both 


of the cause of light absorption by dyes, see Pauling (reference h), 
Lewis and Calvin (reference 22). 
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CamC N 
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ayoul? Nace Nomi? XVIIIa 

H 4H H OH 

H oH H ome = 

Cc 

a ae: Necmcm% Sei” wm 

C=C c=C 

H H H H 


The maximum shift that an auxochrom-antiauxo- 
chrom combination can cause would be achieved when 
the dipolar structure and the reference structure con- 
tribute each just 50 percent to the normal state. 

This can be brought about by a suitable combination 
of the electron-donating property of the auxochrom and 
the electron-accepting tendency of the antiauxochrom, 
and is just realized in the case of the merocyanines 
XIIIa, XIIIb. In the case of the stilbene dye XVIII, 
however, the reference structure XVIIIa is markedly 
more predominant than the dipolar structure XVIIIb, 
as the absorption band is still found at far shorter wave- 
lengths than would be expected on the basis of the free- 
electron gas model. 

In the compound XIX the dipolar structure con- 
tributes relatively more than that of the dye XVIII 
just discussed. The dye XIX arises from XVIII when 
the auxochrom —OCH; is replaced by the stronger 
electron donator —NHe, which thus enhances the im- 


portance of the dipolar structure. It would then be 
expected that the absorption band of XIX will lie at 
longer wave-lengths than that of XVIII. This is also the 
case, as is shown by their red and yellow colors, 
respectively. 

We have seen that a one-dimensional electron gas 
model leads to a quantitative explanation of the color of 
simple dye molecules. The success of the model in giving 
qualitative information about complex cases allows us 
to hope that a more general theory will be established 
on this basis which very likely would also be able to 
explain the color of inorganic complexes such as Prussian 
blue and molybdenum blue. 
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in this work, and to the Ciba-Stiftung and Jacques- 
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I. The Recombination of Hydrogen Atoms on Surfaces 
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The data on the kinetics of the recombination of hydrogen 
atoms on various types of surfaces are analyzed in the light of 
the theory of absolute reaction rates. Expressions are derived for 
the recombination coefficient and the first-order rate constant, 
enabling these quantities to be calculated on the basis of postulated 
mechanisms. It is shown that the experimental activation energies 
are consistent with estimates using either Hirschfelder’s rule or 
an expression utilizing the experimental “desorption temperature.” 
For the reaction on dry oxides and dry glass good agreement is 
found assuming that reaction occurs between a gas-phase hydrogen 


INTRODUCTION 
HERE have now accumulated sufficient data on 
heterogeneous atomic and free radical recombi- 
nations to permit an analysis of the kinetics and a 


* Present address: Applied Physics Laboratory, The Johns 
Hopkins University, Silver Spring, Maryland. 





atom and an adsorbed hydrogen atom, the adsorption being of 
the van der Waals type at low temperatures and chemisorption 
at higher ones. The mechanism of surface poisoning by water 
vapor is shown to be not due to the necessity for desorbing the 
water molecule: in the high temperature region it is due to an 
increase in activation energy, the mechanism being S-OH+H—> 
S—O+H:2; in the low temperature region to a decrease in the 
number of active centers, the reaction being between a gaseous 
atom and a van der Waals adsorbed hydrogen atom above the 
water layer. 


discussion of possible reaction mechanisms. The work 
up to 1941 has been reviewed by L. von Miiffling,! and 
an important investigation since then has been carried 


1L. von Miiffling, in G. M. Schwab’s Handbuch der Katalyse 
(Verlag Julius Springer, Berlin, 1943), Vol. VI, p. 94. 
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KINETICS OF ATOM AND RADICAL REACTIONS 


out by W. V. Smith.? Most of the data are on hydrogen 
atom recombination, and this work will be considered 
in the present paper; many of the conclusions arrived 
at are, however, applicable to recombinations of other 
types of atoms and radicals. 


KINETIC MECHANISMS 


All atom and radical recombinations on surfaces, 
whether poisoned or not, have been found to be of the 
first order over a wide range of temperatures, and it is 
necessary to consider what mechanisms will account for 
this. One that might be postulated is surface adsorption 
of the atoms (a first-order process), followed by migra- 
tion and recombination on the wall; this is, however, 
excluded by M. C. Johnson’s observation® that hydro- 
gen atoms may be packed tightly on a glass surface 
without recombination. An alternative mechanism, and 
by far the most probable one, is reaction between a 
surface-adsorbed atom and a gaseous atom. The ob- 
served first-order kinetics then require the fraction of 
surface covered by atoms to be independent of the 
atomic concentration in the gas phase, i.e., the surface 
must be fully covered. That this condition actually 
obtains in atomic adsorption has been shown directly 
by I. Langmuir.‘ In a theoretical discussion of surface 
processes one of us® has developed the kinetic laws 
applicable to both of the above mechanisms, and 
has shown on the basis of energy considerations why 
the second will almost invariably occur to the exclusion 
of the first. 


THE RECOMBINATION COEFFICIENT 


The fact that the order is the first implies that each 
gaseous atom arriving at the surface and reacting with 
an adsorbed atom has a certain constant reaction 
probability, which is independent of the pressure. One 
can therefore define a recombination coefficient y, equal 
to the ratio of atoms striking the surface and reacting 
to the total number striking the surface ; this coefficient 
is equivalent to the Haftungskoefficient defined by F. A. 
Paneth and K. F. Herzfeld.* The relationship between 7 
and the first-order rate constant k is readily obtained 
for a static system as follows. Consider a system of 
volume V cc containing ” atoms reacting at a surface 
of S sq. cm. By the definition of & the number reacting 
per second is given by 


—dn/dt=kn atom sec.-, (1) 


while the number of atoms striking a surface of S cm? 
per second is given according to kinetic theory by 


Z=(ni/V4)S, (2) 


_*W. V. Smith, J. Chem. Phys. 11, 110 (1943); thesis, Harvard 
University (1941). 
*M. C. Johnson, Trans. Faraday Soc. 28, 162 (1932). 
‘I. Langmuir, J. Chem. Soc. 511 (1940). 
°K. J. Laidler, J. Phys. Chem. 53, 712 (1949). 
= G ae and K. F. Herzfeld, Zeits. f. Elektrochemie 37, 
/ . 


TABLE I. Experimental and estimated activation 
energies for atom recombinations. 








Activation energy (kcal.) 
Ta —AHads. Experi- 
Atom Surface (°K) (kcal.) mental Eq. (14) Eq. (16) 
H_ Clean glass 500" 10-115 0.9¢ 1 0.6 


H Metals 1500¢ 50-60>  2.5-3e 3 2.53.3 
N Nickel 1200-1350! 55 2.5-3f 2.4-2.7 3 











® M. C. Johnson, Trans. Faraday Soc. 28, 162 (1932). 

b See reference 1. 

¢ A, L. Robinson and I. Amdur, J. Am. Chem. Soc. 55, 2615 (1933). 

4 See reference 4. 

e QO. I. Leipunsky, Acta physicochimica, U.R.S.S. 5, 271 (1936). 
( ei Buben and A. Schechter, Acta physicochimica, U.R.S.S. 10, 371 
1939). 


where @ is the mean atomic velocity. The recombination 
coefficient is the ratio of these quantities, i.e., 


v= (4kV/0S). (3) 


Usually the experiment is carried out in a cylindrical 
tube, so that V=arZ and S=2zrL where r is the 
radius and L is the length; in this case* 


y= (2kr)/d. (4) 


This equation is identical with that derived by Paneth 
and Herzfeld® for the case of a flow experiment in- 
volving an inert transport gas. It will be shown in the 
Appendix that this equation is also valid for a flow 
system where the transport of the atoms in a reaction 
tube is by diffusion alone. The experimental data quoted 
in this paper pertain to a system of this nature. 
Expressions for k and vy will now be obtained using 
the theory of absolute reaction rates,’ and will be 
applied to the data in subsequent sections. The rate 
of a first-order surface reaction has been shown® to be 


13=C,C.(kT/h) (f*/Fof.)e-=/*?, (S) 


where C, is the concentration of gaseous atoms, C, the 
number per sq. cm of surface species with which re- 
action occurs, & is the Boltzmann constant, / is Planck’s 
constant, f* the partition function for the activated 
complex, f, the partition function of the surface 
reactant and F, that per unit volume of the reacting 
gas; E is the energy of activation of the process. This 
rate is related to the rate constants k and k’ by 
1=kC,V/S=k'C,, whence 


k'=C,(kT/h)(f* /Fof.e-®/*7. (6) 


With the usual assumption that f*/f,=1 for an im- 
mobile layer, and evaluating the partition function F, 


*TIt may be noted that the appearance of r in this equation is 
due to the fact that & as ordinarily defined for a surface reaction 
(see Eq. (1)) is not a true constant but is inversely proportional 
to r; the true heterogeneous first-order rate constant is k’=kV/S; 
y on the other hand is a true constant. 

7H. Eyring, J. Chem. Phys. 3, 107 (1935); see Glasstone, 
Laidler, and Eyring, The Theory of Rate Processes (McGraw-Hill 
Book Company, Inc., New York, 1941). 
om” Glasstone, and Eyring, J. Chem. Phys. 8, 659, 667 
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for the gaseous atoms of mass m, Eq. (6) becomes 


h? 
k’=C eFIRT, (7) 


~—"(Qem) XRT) 4b, 





where }, represents the rotational and vibrational 
factors in the partition function of the gaseous re- 
actants (unity in the case of atoms). 

The recombination coefficient y has been evaluated 
by Laidler® using absolute rate theory, making use of 
the fact that the number of collisions on a surface is 
equivalent to the rate of adsorption to give a mobile 
layer when there is no activation energy for adsorption, 
namely, 

2, (immobile) 
y= (8) 
v1 (mobile) 

C/C(RT/h)(f*/Fafs) exp(—E/RT) 


C,(kT'/h)(F*/F,) 








Y 


where F* is the partition function for the activated 
complex in the mobile layer. Evaluation of the partition 


functions gives 
C,h? 


ef = 
2rmkTb, 


eEIRT | 


(10) 


Expressions (7) and (10) for k’ and y may be seen 
to be consistent with Eq. (4) when it is noted that 
d= (8kT/am)}. 


THE ENERGY OF ACTIVATION 


Equations (7) and (10) permit an absolute calculation 
of the first-order rate constant and the recombination 
coefficient provided that C, and E are known. An 
approximate estimate of C, can usually be obtained, 
but the energy of activation presents a little more 
difficulty. Two useful procedures are available. Accord- 
ing to Hirschfelder® the activation energy of an exo- 
thermic process A+ BC—>AB-+C is given to a rough 
approximation by 

E=0.055Dzc, (11) 





4 4 4 4 
- 180 -80 80 250 
T(°c) 





Fic. 1. Temperature variation of the recombination coefficient for 
hydrogen atoms on clean glass surfaces. 


9 J. O. Hirschfelder, J. Chem. Phys. 9, 645 (1941). 
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where Dgc is the energy of dissociation of BC; if the 
reaction is endothermic the energy of activation is 


E=0.055Das+AHd, (12) 


where — AZ is the heat of reaction. This semi-empirical 
equation can be applied to a heterogeneous atom recom- 
bination proceeding by the mechanism 


SA+A—S+ Ao, 


where SS is the surface and A the atom; these processes 
are generally exothermic so that the activation energy is 


E=0.055Dsa. (13) 


Dsa is equal to the heat of adsorption — AH gas. of the 
atom on the surface, so that 


E=—0.055AH sas. ; (14) 


the activation energy for the recombination can there- 
fore be estimated if the heat of adsorption of the atoms 
is known. It may be noted that this procedure is only 
applicable to reaction at clean surfaces; if surfaces are 
contaminated, e.g., with water, the treatment must be 
modified in the manner to be considered later. 

The activation energy can also be estimated from the 
“desorption temperature,” Tz, at which desorption of 
the atoms becomes appreciable. If Eq. (10), with 5, 
equal to unity for atomic recombination, is differ- 
entiated with respect to T and set equal to zero the 


result is 
E/RT»=1, (15) 


where 7,, is the temperature at which y will be a 
maximum. It has been noted” that T,, is approximately 
equal to Ta, so that Eq. (15) becomes 


E= RT. (16) 


That these two methods of estimating E give good 
agreement with experimental values when these are 
known is shown by the figures in Table I. 


THE RECOMBINATION ON DRY OXIDES 


Absolute rate constants and recombination coeffi- 
cients will now be calculated for several types of 
surfaces. The case of dry oxides will be considered first, 
as these are the easiest to treat. The oxides may be 
assumed to resemble glass as far as their surface 
properties are concerned, and AH as. may therefore be 
taken as —11 kcal (see Table I). It has been found*’ 
that the number of hydrogen atoms adsorbed per sq. cm 
of glass is about 1.3510", and on the mechanism 
assumed these adsorbed atoms react directly with 
gaseous atoms; C, is therefore taken as 1.3510" cm™~. 
Calculation of y at 300°K on the basis of these values, 
using Eqs. (10) and (14), gives 5X10, in excellent 
agreement with Smith’s values? ranging from 3X 10~ to 


10N. Buben and A. Schechter, Acta physicochimica, U.R.S‘. 
10, 371 (1939). 





TABI 


—— 


6X1 
KC 


THE 


Hy 
glass 
make 
liqui 
is cle 
beco! 
the 1 
with 
temp 
whicl 
maxi 
the s 
the d 
varie: 
also k 
on gl 
perat 
Fig. : 
above 
In 
the ct 
and J 
fitted 
lated 
obtair 
right 
air te 
The 1 
that | 
agree! 
that - 
higher 
(see ‘I 
ll K. 
2H. 

(1929). 
83 


396 (15 





CESSES 
ergy is 


(13) 


of the 


(14) 


there- 
atoms 
s only 
es are 
ust be 


ym the 
ion of 
rith 5, 
differ- 
ro the 


(15) 
bea 


nately 


(16) 


> good 
se are 


J 


coefli- 
pes of 
d first, 
ay be 
urface 
ore be 
yund*! 
sq. cm 
janism 
+ with 
cm. 
values, 
cellent 
10 to 


.RSS. 


KINETICS OF ATOM AND RADICAL REACTIONS 


TaBLE II. Calculated values of y and &’ for clean glass surfaces. 








T(°K) ¥ 


0.46 6.8X 104 
0.22 1.1 104 
2.2X 10 1.1 10° 
3.1X 107 1.9 10° 
3.3X 10? 2.4X 10° 
3.2X 107 2.8X 108 


k’ (cm sec.~!) 











6X10- for the oxides investigated (ZnO-Cr203,Al,0s, 
K»COs, K2SiOs, Na3PQ,). 


THE RECOMBINATION ON CLEAN GLASS SURFACES 


Hydrogen atoms recombine very rapidly on clean 
glass surfaces": and it is consequently difficult to 
make accurate quantitative rate measurements. At 
liquid air temperatures" the recombination coefficient 
is close to unity, but at higher temperatures the value 
becomes smaller.!* In the region from —79°C to 99°C 
the recombination coefficient increases in accordance 
with an activation energy of about 0.9 kcal.!* As the 
temperature approaches the desorption temperature, 
which is at about 250°C,’ the coefficient reaches a 
maximum and then decreases, the order increasing at 
the same time from unity to two. This effect is due to 
the depletion of the layer of hydrogen atoms (so that C, 
varies with the pressure of hydrogen atoms), and has 
also been noted for the recombination of methy] radicals 
on glass'® and of nitrogen atoms on nickel.’° The tem- 
perature dependence of y is shown schematically in 
Fig. 1, the curve being based on the data summarized 
above. 

In the temperature region from — 180°C to —80°C 
the curve can be fitted by Eq. (10) taking C,= 1.35 10" 
and E=0; in the region from —80° to 250° it can be 
fitted with C,=1.35X10" and E=0.9 kcal. The calcu- 
lated recombination coefficients and rate constants so 
obtained are shown in Table II. These values are of the 
right order. Roberts'® states that y for glass at liquid 
air temperatures should be somewhat less than unity. 
The values of y between 200° and 500°K agree with 
that found by Smith? for dry oxides and are also in 
agreement with the observation of Steiner and Wicke” 
that y on clean glass is several order of magnitudes 
higher than on water vapor poisoned glass surfaces 
(see Table IV). 


" K. F. Bonhoeffer, Zeits. f. physik. Chemie 113, 199 (1924). 
usa Senftleben and O. Riechemeier, Physik. Zeits. 30, 745 

%P,. Harteck and E. Roeder, Zeits. f. physik. Chemie 178, 
396 (1937). 
\i933) L. Robinson and I. Amdur, J. Am. Chem. Soc. 55, 2615 

*F. Paneth and W. Lautsch, Ber. B64, 2708 (1931); Paneth, 
Hofeditz, and Wunsch, J. Chem. Soc. 372 (1935). 

6 J. K. Roberts, Some Problems in Adsorption (The Cambridge 
University Press, New York, 1939). 

“W. Steiner and E. Wicke, Zeits. f. physik. Chemie, Boden- 
stein Band, 817 (1931). 
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TABLE III. Recombination coefficients on water-vapor 
poisoned glass surfaces. 








Recombination coefficient y 105 


4.45 
2.04 
2.01 
6.8 
16.0 
53.0 
89.0 











In order to explain these results, including the fact 
that the reaction is of the first order over most of the 
temperature range, it is proposed that the surface is 
fully covered by hydrogen atoms, which react with 
gas-phase hydrogen atoms; 


(1) S~-H+H—S+H, 
(2) S+H—-S—H. 


This is consistent with Langmuir’s result‘ that hydro- 
gen atoms are adsorbed on clean glass down to liquid 
air temperatures, with a packing of about 1.3510" 
atoms per cm? (the value used by us above) ; moreover 
Johnson’ found that desorption only sets in between 
200° and 300°C. To explain the fact that the activation 
energy of the reaction is zero at low temperatures and 
0.9 kcal. at higher ones it is suggested that the hydrogen 
atoms are van der Waals adsorbed to the glass in the 
low temperature region and chemisorbed at the higher 
temperatures. Thus R. A. Beebe and his co-workers® 
have shown that in certain cases the heat of adsorption 
increases with increasing temperature. Support for the 
mechanism proposed is provided by the fact that, as 
shown in Table I, the estimated activation energies 
for the high temperature region are in satisfactory 
agreement with the experimental values. 


In gT 
1 





" 


‘2 E oct *6.5 kcal 














3 
Y_-10 
‘y 


Fic. 2. Plot of InyT vs. 1/T for the hydrogen atom recombination 
on glass surfaces poisoned by water vapor. 


18R. A. Beebe, in G. M. Schwab’s Handbuch der Katalyse 
(Verlag Julius Springer, Berlin, 1943), Vol. IV, p. 473 (see e.g., 
Table 3, p. 494). 
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TABLE IV. Recombination coefficients and rate constants for 
atom recombination on H,O-poisoned glass. 











¥(X105) k’(cm sec.~1) 
T(°K) Calc. Obs. Calc. Obs. 
453 5.1 6.8 3.91 (1.96)* 
573 18.0 16.0 16.2 
723 47.0 53.0 46.4 
863 81.0 89.0 86.9 








* This value refers to a surface poisoned by syrupy phosphoric acid 
(I. Amdur, J. Am. Chem. Soc. 60, 2347 (1938)). 


THE RECOMBINATION ON WATER VAPOR 
POISONED GLASS SURFACES 


The well-known poisoning effect of water on glass 
surfaces” could be due to two factors, (1) a decrease in 
the number of active centers, and (2) an increase in ac- 
tivation energy. An increase in activation energy could 
in turn be due to two causes: (2a) a tighter binding of 
the adsorbed hydrogen atoms on the poisoned surface 
as compared with the clean surface, and (2b) the 
necessity for desorption of the poison in order for the 
reaction to proceed on the bare surface. 

That the poisoning is not due to cause (2b) may 
readily be shown. The rate of a poisoned first-order 
reaction occurring only on the bare surface is given by*® 


CC. kT Fypf* 
Cop h Fofap 


where E, is the heat of adsorption of the poison and the 
subscript gp applies to the poison in the gas phase. The 
rate is therefore inversely proportional to the partial 
pressure of the poison in the gas phase, and the same 
applies to the recombination coefficient; it has, how- 
ever, been shown by von Wartenberg and Schultze,”° 
and by Smith,? that the water vapor pressure has no 
influence on the rate. An additional argument against 
this explanation stems from the activation energy calcu- 
lated from Eq. (17) according to the method outlined 
below. This calculation gives an activation energy 
E+E, of 3 kcal. which means that the heat of adsorp- 
tion of the water vapor on the glass would have to be 
3 kcal. or less. In fact, it is much greater in the tem- 
perature range where adsorption of H,O on glass has 
been observed. 

A decision between the two remaining possibilities, 
ie., (1) and (2a), can be made by considering the tem- 
perature dependence of the rate in more detail. It is 
evident from Eq. (10) that a plot of InyT versus 1/T 
gives the energy of activation, the assumption being 
that the reaction occurs on a fully covered surface so 
that C, is temperature independent; the equations are 
therefore only applicable up to the desorption tempera- 
ture. Some values for y obtained by Smith? are given 
in Table III, and a plot of InyT against 1/T is shown in 
Fig. 2. The activation energy is seen to be zero in the 

19R, W. Wood, Proc. Roy. Soc. 97, 455 (1920). 


20H. von Wartenberg and G. R. Schultze, Zeits. f. physik. 
Chemie B6, 261 (1929). 


e~(E+Ep)|RT 


(17) 
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range from about —180°C to O°C, and is 6.5 kcal, 
from 100°C to 600°C; in the intermediate region from 
0°C to 100°C the activation energy varies with the 
temperature. The high and low temperature mecha- 
nisms will now be considered separately. 


High Temperature Mechanism 


The behavior in the high temperature region can be 
analyzed more easily, and will therefore be considered 
first. The value of 6.5 kcal. for the activation energy, 
as compared with 0.9 kcal. on clean surfaces, indicates 
that the poisoning is not due to a decrease in the num- 
ber of reaction sites but to the additional energy re- 
quired to form hydrogen molecules by reaction between 
a gas phase hydrogen atom and a hydrogen atom at- 
tached to the surface. This is confirmed by the fact 
that calculated values of y and k’, employing the activa- 
tion energy of 6.5 kcal. and 10" for C,, are in good 
agreement with the experimental values; the results 
are shown in Table IV. This value for C, is the same 
as that for unpoisoned surfaces. The poisoning is thus 
shown to be due to cause (2a). The observed value of }’ 
is that of Amdur’s* mechanism C, involving first-order 
wall recombination. Since it has been shown by Smith’ 
and by Poole” that the recombination coefficient for 
hydrogen atoms is the same on a phosphoric acid 
poisoned surface as for one poisoned by water, one can 
assume the same mechanism in both cases, and it is 
therefore valid to compare our results with those of 
Amdur. This mechanism will now be discussed. 

It has been shown by van Itterbeck and Vereycken” 
that water in the molecular form is not adsorbed on 
glass at above 180°C; the poisoning agent in Smith’s 
experiments must therefore be the hydroxyl radicals 
formed from the water vapor in the discharge employed 
by him. The simplest and most plausible recombination 
mechanism is therefore 


(3) S-OH+H—S—0O-+ He 
(4) S-O+H—S—OH 


where S represents a site on the clean glass surface. The 
dissociation energy of the free hydroxy] radical is 100 
kcal., and the dissociation energy of the first OH bond 
in water is 118 kcal. ;*4 the dissociation energy of the OH 
radical adsorbed on the surface may be expected to fall 
within that range. On the basis of the lower value 
reaction (3) is exothermic, and using Hirschfelder’s 
rough procedure the activation energy would be ~5.5 
kcal. ; the upper value on the other hand, would require 
an endothermic reaction, and Hirschfelder’s rule gives 
E=~ 20.7 kcal. The experimental value of 6.5 kcal. is 
clearly of the right order to be consistent with the 

21T, Amdur, J. Am. Chem. Soc. 60, 2347 (1938). 

2H. G. Poole, Proc. Roy. Soc. A163, 404 (1937). i 

% A, van Itterbeck and W. Vereycken, Zeits. f. physik. Chemle 
B48, 131 (1941). 


“RR. J. Dwyer and O. Oldenburg, J. Chem. Phys. 12, 351 
(1944). 
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KINETICS OF ATOM 


mechanism, and might be taken to suggest that the OH 
dissociation energy of the adsorbed radicals is ~ 104 
kcal. 


Low Temperature Mechanism 


The activation energy in the low temperature region 
has been shown to be close to zero, and this implies that 
the poisoning mechanism involves a reduction in the 
number of active sites per sq. cm. Using Eq. (10) it is 
possible to calculate the value of C, which will make the 
calculated values of y agree with the experimental ones: 
the result is 1.410" cm, a reduction by a factor of 
10‘ of the value for a normal active surface. This con- 
clusion is in agreement with other results obtained for 
hydrogen at low temperatures; thus in an analysis of 
results of J. K. Roberts*® on the adsorption of hydrogen 
on tungsten between 79°K and 295°K, Laidler, Glass- 
tone, and Eyring* concluded that the data required C, 
to be ~ 10%", 

At low temperatures water is known to be strongly 
van der Waals adsorbed on glass, and is probably in 
the molecular form. The reaction of the gaseous hydro- 
gen atoms cannot be with chemically-bound hydrogen 
(as the activation energy is zero), but must be with 
hydrogen atoms van der Waals adsorbed above the 
water layer. The mechanism proposed can be written as 


(5) S---H,O---H + H-S---H,0+H, 
(6) S---H,0+H-—S: --H,0---H, 


where the dotted lines indicate van der Waals adsorp- 
tion. It may be mentioned that van der Waals adsorp- 
tion of hydrogen atoms on a film of adsorbed water has 
also been postulated by Roberts*® to explain some of 
his data. 


Note added in proof.—Since the present paper was submitted 
we have seen a translation of an article by V. V. Voievodsky and 
G. K. Lavroskaiia, Doklady Akad. Nauk. U.S.S.R. 63, 151 (1948). 
(See Chem. Abstracts 43, 1635.) These authors do not discuss 
any specific recombination or poisoning mechanisms, but their 
experimental values are consistent with those discussed above. 
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APPENDIX 


The Recombination Coefficient for a Flow System 


Since the data of Smith? used in this paper were obtained by 
means of a flow system, it is necessary to show that Eq. (4) for 
the recombination coefficient in a static system is identical with 
that derived for a flow system. 

In Smith’s experiments the hydrogen atoms produced in the 
discharge tube and pumped through it were allowed to diffuse 
into a side arm closed on one end and joined perpendicular to 
the discharge tube on the other. The recombination of the atoms 
takes place on the walls of this side arm during their diffusion 
along this side arm. 

—— se 


* J. K. Roberts, Proc. Roy. Soc. A152, 445 (1935). 


AND RADICAL REACTIONS 


Let »=number of atoms per cc, 

Let x=distance along side arm from discharge tube, 
Let D=diffusion coefficient, 

Let F=drift velocity of atoms along side arm, 

Let y=coefficient of recombination, 

Let V=volume per unit length of side arm, 

Let S=surface per unit length of side arm, 

Let #=mean atomic speed, 

Let k=first order rate constant for recombination, 
Let r=radius of side arm. 


The subscript 0 indicates the junction of the side arm with the 
discharge tube. It will be assumed that the atomic concentration 
is constant over the cross section of the side arm so that n=n(zx), 
and F#F(r). Smith? has shown that these assumptions are valid 
under his experimental conditions. 

The following equations then hold: 


Number of atoms lost to wall per cm per sec. 
= gradient of flow through tube 


(n0/4)Sy= —V(d/dx) (nF), 
and the diffusion equation 
nF = — D(dn/dx). (19) 
Combination of (18) and (19) gives 
0'n/dx?=ndSy/4VD. (20) 
the solution of which is 
n=A exp[(0Sy/4V D)§xJ+B exp—[(0Sy/4VD)ix]. (21) 


For a tube of finite length neither A nor B is equal to zero. 
The term with the positive exponent, which increases with in- 
creasing x, can be considered as representing the stream of atoms 
reflected from the closed end of the tube, and the term with the 
negative exponent, which decreases with increasing x, can be 
considered as representing the incoming stream of atoms from 
the discharge tube. If the side arm through which the atoms move 
is long enough so that the atoms will make many collisions with 
the walls before reaching the end of the tube, most of the atoms 
will have recombined to molecules, and the stream of atoms re- 
flected from the closed end of the tube will be negligible compared 
to the incoming stream of atoms. Since the experimental conditions 
are such that 27>, where A is the mean free path of the atoms, 
one is in the region of Poiseuille rather than Knudsen flow, and 
the backward reflection of atoms from the walls of the tube can 
be neglected. Equation (21) then reduces to 


n=mny exp—[(0S7/4V D)ix] (22) 


under the boundary conditions n=) when x=0. Therefore n is 
expressible as 


(18) 


n=noe®* (23) 
where B= (0Sy/4V D)*. Substituting (23) into (19) one obtains 
F=DB. (24) 


It will be noted that not only is F#F(r), but also F#F(x). The 
first-order rate constant & is given by the relation 


n= noe **, (25) 
Replacing the time ¢ by its equivalent =x/F and expressing F by 


Eq. (24) gives 


bel DD, (26) 


n=noe 
Combination of (26) and (23) gives 
B=k/D. 
Introducing the explicit expression for 8 and solving for -, 
y=4kV/0S. 
Since V=-r? and S=2zr, Eq. (28) reduces to 
+ = 2kr/0, 
which is identical with Eq. (4) derived earlier. 


(27) 


(28) 


(29) 
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On the Theory of the w-Electron System in Porphines 
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The failure of certain LCAO molecular orbital calculations of the spectrum of porphine is attributed to the 
incorrect assumption of complete “aromaticity.” A division of the z-electron system into non-interacting 
parts is supported by the fact that the dynamical properties of the divided system, as calculated by the free- 
electron model, are in approximate agreement with experiment. A proof of the equivalency of the LCAO 
method (with overlap neglected) and an approximation to the free-electron method is indicated for certain 
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INTRODUCTION 


HE electronic spectra of porphines, dihydro- 

porphines (chlorins), and tetrahydroporphines 
(bacteriochlorophylls) are complex. Factors which make 
a theoretical treatment difficult include the presence of 
tautomerism, possible ring strain, heteroatoms, and the 
large number of unsaturation electrons. Nevertheless it 
seems desirable at this time to discuss porphine spectra, 
because porphines are in the first rank in biological 
importance. 

A few general remarks will be made about z-electron 
calculations. The simplest procedures from the stand- 
point of computation involve the greatest use of prior 
experimental data. A factor of particular importance in 
this respect will be called aromaticity. By this is meant 
the characteristic : having equal bond lengths. Unrefined 
theoretical procedures sometimes lead to a qualitatively 
correct prediction of the extent to which a substance 
approaches aromaticity. Thus a preliminary assumption 
of full aromaticity for butadiene gives, in LCAO ap- 
proximation, bond orders which suggest that the original 
assumption was erroneous. 

Another less direct but more widely applicable means 
exists for the theoretical prediction of aromaticity. 
Under the assumption of equal resonance and Coulomb 
integrals one may calculate a property of a substance 
such as the position of its electronic absorption bands. 
Dramatic disagreement between the calculation and 
observation may then be taken as a probable indication 
that the assumption (tantamount to the assumption of 
full aromaticity) was incorrect. By means of such an 
argument Mulliken investigated the aromaticity of 
pyrrole and concluded that the nitrogen electron pair 
may be incompletely conjugated."* 

A combination of theory and experiment will be used 
below in an attempt to assess the aromaticity of 


porphines. 


1R.S. Mulliken, J. Chem. Phys. 7, 339 (1939). 

® The effect of including overlap in the calculation is greatly to 
reinforce the conclusion that the nitrogen electron pair is incom- 
pletely conjugated. There remains the possibility, however, that 
the LCAO method is at fault. For instance, the free-electron 
method predicts a benzene-like spectrum for homocyclic con- 
jugation. 
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THE AROMATICITY OF PORPHINE 





The representation discussed by Rabinowitch? (Fig. 1) 
and the picture of the molecule generated by the 
molecular orbital point of view are very different. It is 
well known that the former implies an isolation of two 
double bonds: on the contrary, the molecular orbital 
point of view suggests that the mesomerically implied 
isolation of two double bonds is a fiction of the represen- 
tation. The latter view was adopted here as a trial 
hypothesis. 

An LCAO set of orbitals (which constituted a basis 
for irreducible representations of the supposed symmetry 
group of the molecule, Dy) and their energies were 
accordingly obtained. Heteroatoms were considered as 
being carbons, and all resonance integrals between 
adjacent carbons were considered to be equal, as were all 
Coulomb integrals. The calculations were next repeated 
in such a way as substantially to incorporate the slight 
modification of the LCAO method introduced earlier.’ 
That is, the Coulomb integral was changed according to 
the number of adjacent nuclei. Finally the effect of 
variation in the Coulomb integrals with the number of 
next-to adjacent nuclei was considered. When the calcv- 
lations were calibrated, with 205 my equal to the 
calculated “color” of benzene,’ a prediction of an intense 
band in the region 1100 to 1600 my invariably arose. 

It was thought that an intense band in the infra-red 
might have been overlooked. The spectrum in CCk of 
a-, B-, y-, 6-tetraphenylporphine (Fig. 1, with phenyl 
on the four carbons which join the pyrrole rings), 
a substance whose visible bands are quite similar to the 
bands of the parent compound, was investigated. The 
concentration employed was such as to have given al 
overwhelming absorption peak, but in a search (using 4 
Beckman Model 1R2 infra-red spectrophotometer) from 
1000 to 3000 muy, no intense electronic transition was 
detected. 







































2 E. Rabinowitch, Rev. Mod. Phys. 16, 226 (1944). 

3 W. T. Simpson, J. Chem. Phys. 16, 1124 (1948). 

> Employment of this modification is formally a departure from 
the assumption of full aromaticity, but still the nitrogens at 
regarded as being like carbons. F 

© It would be more accurate to employ singlet-triplet centers 
gravity, but the present lack of knowledge of the values of triplet- 
singlet transition energies is a hindrance. 
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m™-ELECTRONS IN PORPHINES 


Fic. 1. Tautomers of porphine. Two Kekule-like mesomeric forms 
correspond to each tautomer. 


A possible conclusion is that porphine is not fully 
aromatic. While other results to be presented below 
support this conclusion, still it is well to list some of the 
factors which might vitiate it. 

The usual insufficiencies of an LCAO molecular 
orbital treatment are ordinarily overcome by the em- 
pirical procedure of calibrating the method with the 
spectrum of a known compound. The consideration of a 
24-electron problem such as porphine may have placed 
too great a burden on the calibration procedure. In 
addition, interactions between product wave functions 
of the same symmetry were not taken into account. 


NATURE OF THE DEPARTURE FROM AROMATICITY 


Even if the preceding conclusion is accepted, it re- 
mains to be shown that a particular alternative, the 
representation indicated in Fig. 1 is correct. Certain 
features of the spectra of porphines and related com- 
pounds do, in fact, support such a representation. 

One implication contained in the Kekule-like meso- 
meric forms of either of the two tautomers shown in 
Fig. 1 is that hydrogenation of one, or even of two 
double bonds, should not result in a significant change in 
the positions of the absorption bands. Huennekens,‘* 
working with a-, B-, y-, 6-tetraphenylporphines and 
chlorins, has found various examples which are in accord 
with this implication. In the case of the free base, for 
example, the intense band of the porphine at 430 mu 
(called the Soret band) shifts by only 2 or 3 mu when the 
substance is converted into a chlorin. 

A second deduction from the mesomeric forms relates 
to the electron pairs on the pyrrole-like nitrogens. The 
substitution of a central metal ion that can act as an 
acid toward these electron pairs would be expected to 
change the spectrum considerably; molecular orbitals 
having a node at the center would be unaffected, while 
orbitals for which there is antisymmetry with respect to 
inversion would be stabilized. For instance, in the fully 
aromatic representation discussed in the previous section 
the symmetries of the orbitals which give rise to the 


‘The writer wishes to acknowledge a private communication 
from Professor C. A. Coulson which served to call his attention to 
this possibility. 

(1948) M. Huennekens, Ph.D. thesis, University of California 
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predicted infra-red band are (neglecting the horizontal 
plane) A,;—£E; hence the spectrum should shift toward 
shorter wave-lengths. 

In actual fact, the substitution of Ni**, a central 
metal “acid’’® for Zn**, a central metal “base” gives a 
shift that is hypsochromic, but slight (~25 my). This 
comparison of Ni and Zn salts was made by Corwin and 
Erdman® for the compound Mesoheme IX dimethyl 
ester, a substituted porphine which is essentially a 
simple porphine from the standpoint of the z-electron 
system. ; 

If the pyrrole electron pairs are in comparatively weak 
interaction with the main chromophoric system, as 
implied in Fig. 1, then the relatively small Ni—Zn 
spectral shift is understandable. The evidence having to 
do with hydrogenation is better, but the two arguments 
reinforce one another. Each argument supports the more 
general conclusion of the preceding section that 
porphine is not fully aromatic. 

The object of the remainder of this paper is to in- 
vestigate the representation shown in Fig. 1 by a further 
means: to obtain the absorption spectrum which it 
implies. A “model substance” consisting of an 18- 
membered benzenoidal ring, strain free; was chosen. In 
regard to the neglect of hetero-atoms, the question of the 
trigonal electron pairs on the pyridine-like nitrogens 
arises. The virtual identity of the spectra of porphine 
dihydrochlorides and the disodium salts® indicates that 
the presence of the trigonal electron pairs is not a 
perturbing factor. 


CALCULATION OF THE TRANSITION ENERGY 


There is very little difference between the LCAO 
method in its simplest form and the free electron 
model.”* A solution according to the latter, but with the 
use of difference equations® instead of the Schrédinger 
equation, yields a secular equation; and if the continu- 
ous closed curve around which the electrons are sup- 
posed to move is divided into a lattice of 18 points the 
secular equation becomes identical in form to the 
LCAO secular equation for the problem. The solutions 
give the same energy level spacing as the LCAO method 
with overlap neglected.‘ 


© According to Pauling and Coryell, Proc. Nat. Acad. Sci. 22, 159 
(1936), sped hybridization is appropriate. In consequence there 
remains an empty 4, Ni** orbital in a position to interact with the 
x-orbitals of the porphine. 

5 A. H. Corwin and J. G. Erdman, J. Am. Chem. Soc. 68, 2473 
(1946). 

6 J. G. Erdman and A. H. Corwin, J. Am. Chem. Soc. 68, 1885 
(1946). 

™N. S. Bayliss, J. Chem. Phys. 16, 287 (1948); H. Kuhn, Helv. 
Chim. Acta 31, 1441 (1948); J. R. Platt, J. Chem. Phys. 17, 484 
(1949). 

8L. C. Pauling and E. B. Wilson, Introduction to Quantum 
Mechanics (McGraw-Hill Book Company, Inc., New York, 1935), 
p. 202. 

f The relation between the methods leads to the speculation that 
with respect to the most energetic electrons the LCAO method 
may tae its applicability to its resemblance to the free electron 
model. 
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Fic. 2. Band system calculated for A and B tautomers of 
porphines. The displacement of the A bands relative to the B is 
arbitrary. 


The free electron model was employed to obtain the 
orbital energies of the hypothetical 18-membered ring 
compound. The equation for the energy of a particle on 
a circle was used, where it is understood that the circle 
need only be a simple closed curve in order for the 
energy equation: 

W = 27h? /82?mr* 


to hold. (A typographical error in reference 3 led to 
the omission of the exponent on 7.) The calculation was 
calibrated with the “color” of benzene. Thus 


1/205 mu=constant (2?—1*)/r,? 


where rg is the effective benzene radius, and the 
parenthesis encloses the difference of the squares of the 
appropriate quantum numbers. If a is an effective 
interatomic distance: 


2rz= 6a/ 1, 
and for porphines 
2rp = 18a/r. 


Thus for the porphine absorption peak \p: 


Ap/205 m= 18*(2?— 1?)/6(5*— 4") 
Ap=615 mu. 


THE SELECTION RULES 


The quantum numbers of the highest filled level are 
+4, and of the lowest unfilled level, +5; hence the 
transition is fourfold degenerate. Some understanding of 
how the degeneracy splits up can be obtained even from 
the free electron calculation. To this end, the wave 
functions (not normalized) involved in the transition are 
listed. The most energetic electrons are labeled one to 
four, and interchanges are neglected. For the ground 
state, 


go=-:-ersi® (1) 


The zero subscript refers to the sum of the quantum 
numbers and may be regarded as a resultant angular 
momentum. 

For the excited state: 


opi= + retsi® (1) etd (2) 
g-i1=-+--etsi® (1) etd (2) 
gyo= ++ etsi® (1) et4i@ (2) 
g_g=++-etsi® (1) 5H (2) 


e+4i9 (2) 49 (3) e480 (4), 


* (4), 
e-5i# (4), 
etsi® (4), 
e~4i8 (4), 


e74 i6 (3) 
e748 (3) 
e418 (3) 
e418 (3) 


The transition moment is f/y*ggdr; thus for the 
transition gp—¢y,, and for light plane polarized in the x 
direction (and assuming the simple closed curve is 
actually a circle), the integral is: 


27 


role f e410 (ei + ei) et 5109 (), 
0 


A consideration of the four transition moments shows 
that the allowed bands correspond to changes of the 
quantum number of +1; while the remaining transi- 
tions, corresponding to a change of +9, are forbidden. 
Moreover Hund’s rule, that for a given multiplicity the 
lowest states have the greatest angular momentum, puts 
the forbidden pair of transitions at longer wave-lengths.* 


THE CHARACTER OF THE ABSORPTION SPECTRUM 


The changes in the spectrum calculated for the model 
substance which are to be expected for the free base of 
porphine may now be considered. Various effects are 
illustrated schematically in Fig. 2. 

The center of gravity of the bands is at 615 mu. The 
contributions of each tautomer are unknown (and would 
be determined by a Boltzmann factor). The long wave- 
length bands are represented as being weak, corre- 
sponding to their quasi-forbidden character. Each band 
is represented as having a double maximum, in order to 
indicate that it still corresponds to a doubly degenerate 
transition, and that this degeneracy will split under the 
influence of the field of the nuclei. The forbidden band 
corresponding to the A tautomer is represented as 
having a higher €max than for the B band, because the 
tautomer is a more nearly circular system (the selection 
rules were obtained for a particle on a circle). The A 
allowed band is represented as correspondingly less 
intense. 

If the dihydrochloride is formed from the free base, 
giving a molecule with one hydrogen on each nitrogen 
but only C2, symmetry, the Boltzmann factor then 
favors the A form, because of repulsion between the 
formal charges; therefore, the B bands should virtually 
disappear, and the spectrum assume a simplified 
appearance. 

If the free base is hydrogenated once or even twice, 
the center of gravity of the bands should remain con- 
stant, but the forbidden bands should gain in intensity. 
Unless the tautomerism in porphine is slow, there will be 
greater circular symmetry than is indicated by an indi- 
vidual tautomer. (If the tautomeric shift occurred many 
times during the lifetime of the electronic excited state, 
the lack of circular symmetry implied by a tautomeric 
form would be meaningless; but Erdman and Corwin‘ 
have given evidence that this rapid shift does not occur.) 
For the tetrahydro compound, however, one or the 

&A perturbation theoretical analysis which employed free 
electron wave functions confirmed the prediction of Hund’s rule 
for the singlet states but gave a degeneracy for the triplets. The 


functions were antisymmetrized to the exchanges of the most 
energetic four electrons. 
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other of the tautomers is “frozen,’”’ and the selection 
tules for the particle on a circle particularly inapplicable. 


COMPARISON WITH EXPERIMENT 


The band maxima determined by Erdman and 
Corwin® for a simple porphine, etioporphine II, and its 
dihydrochloride occur grouped about centers of gravity 
of 477 and 495 muy, respectively: 


Free r 622 595 572 532 498 397 
base «X10 0.480 0.195 0.621 0.850 1.37 15.7, 
Dihydro- r 598 555 415 
chloride «xX10~4 0.680 1.54 18.1. 


The predictions of the last section fit the observed data 
about as well as might be expected, considering the 
many approximations. 

The hydrogenated porphines exhibit the behavior 
attributed to them in the previous section, in that the 
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center of gravity of their bands remains about the same, 
but the €max of the long wave-length bands increase. 
The center of gravity for a bacteriochlorophyll that was 
studied by French? is 549 my. From the standpoint of 
the transition energy, a bacteriochlorophyll is most 
similar to the model substance, so that the approximate 
agreement of the calculated 615 my is gratifying. 
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at a constant rate. 
cal./mole and 45,300 cal./mole respectively. 


INTRODUCTION 


HIS paper describes an investigation of the ther- 

moluminescence of single crystals of lithium 
fluoride activated by exposure to x-rays at room tem- 
perature. Studies have been made of the variation of 
luminescent intensity with time when the crystal is held 
at constant temperature and also when it is heated at 
a constant rate. The experimental data are analyzed 
from the standpoint of a simple reaction rate mecha- 
nism, and a method is developed for experimentally 
determining the energy of electron traps from the iso- 
thermal decay of the luminescent intensity. 

It is found that in the lithium fluoride crystals in- 
vestigated there are two principal types of electron 
traps having trapping energies of 19,800 cal./mole and 
45,300 cal./mole respectively. A third type of trap of 
intermediate energy is indicated, but it is of secondary 


importance. 
LL 
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The isothermal decay of the thermoluminescence of single crystals of lithium fluoride activated by x-rays 
has been determined at various temperatures. The results are interpreted in terms of a simple reaction rate 
mechanism based on a picture of the thermoluminescent process similar to that of Johnson. The analysis of 
the isothermal decay studies is in agreement with the results of “glow curve” experiments on similar lithium 
fluoride samples where the intensity of luminescence is measured as the temperature of the crystal is heated 


Two principal types of electron traps in lithium fluoride are found to have trapping energies of 19,800 





Johnson! has used the band theory of solids to de- 
velop a picture which qualitatively explains thermo- 
luminescence in terms of the trapping of electrons which 
have been excited to the conduction band by the ex- 
ternal radiation. These are subsequently released from 
the traps by energy transfer as the temperature of the 
crystal is raised. This type of model has been used by 
investigators for quantitative interpretation of their 
experimental results? in studies of the various phosphors. 

The physical interpretation of electron traps has been 
discussed by several authors.’ They are usually associ- 
ated with some type of distortion of the regular crystal 
lattice. 

The earlier investigations of thermoluminescence 


1R. P. Johnson, J. Opt. Soc. Am. 29, 387 (1939). 

2 G. Fonda and F. Seitz, Preparation and Characteristics of Solid 
Luminescent Materials (John Wiley and Sons, Inc., New York, 
1948) ; also, H. W. Leverenz, Science 109, 183 (1949). 

3N. F. Mott and R. W. Gurney, Electronic Processes in Ionic 
Crystals (Oxford University Press, New York, 1940); I. Tamm, 
Zeits. f. Physik 76, 849 (1932); L. Landau, Physik. Zeits. Sowjet- 
union 3, 664 (1933); J. J. Markham and F, Seitz, Phys. Rev. 74, 
1014 (1948). 
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Fic. 1. Simplified energy level diagram illustrating 
the thermoluminescent process. 


have been carried out along two major lines. One type 
of experiment is concerned with the functional form of 
the decay of the thermoluminescence with time when 
the crystal is held at an elevated temperature. Different 
analytical expressions have been derived to describe 
this decay based upon different assumptions. For ex- 
ample, Randall and Wilkins‘ have shown that if the 
electrons which are released from the traps recombine 
directly with the parent ions the intensity of lumi- 
nescence should decrease with time according to a first 
order expression of the type 


I=Iy exp(—at). (1) 


The treatment of Randall and Wilkins has been ex- 
tended by Garlick? to include the possibility of recapture 
of the released electrons by other empty electron traps. 
He has assumed first, that the number of electrons in 
the conduction band is small compared to the number 
trapped, and second that the capture cross section of 
empty traps for electrons is the same as that of the 
empty luminescent centers. This leads to the following 
time dependence of the luminescence: 


I~+=[(W)/Ln0’s exp(— E/RT) ]}} 
+[(s/N) exp(—E/RT)}t (2) 


where JN is the total number of traps, m is the initial 
number of trapped electrons, s is the frequency factor 
for the release of electrons from the traps, T is the 
absolute temperature, and £ is the energy of the traps. 
At any fixed temperature this equation is of general 
form 

I=a+bt (3) 


“second-order” 


which corresponds to the so-called 
decay. 

In practice the luminescent decays of most phosphors 
do not follow any simple functional form but are usually 


empirically fitted by some type of power law 
I=Ig¢ (4) 


where m varies between 0.1 and 2. 

However, in the present work the thermoluminescent 
decay of lithium fluoride has been resolved into two 
major components, each of which corresponds to a 
single type of trap decaying according to the second 





‘J. T. Randall and M. F. Wilkins, Proc. Roy. Soc. 184, 366 
(1945). 
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order decay law. By choosing the proper temperature 
for the decay one or the other component can be made 
predominate, and its trapping energy can be determined. 

The second type of experiment used in studies of 
thermoluminescence is concerned with the so-called 
“glow curves” first reported by Urbach.® In this type 
of experiment the crystal is first irradiated and then 
heated so as to raise its temperature at a constant rate. 
The intensity of the luminescence is found to go through 
maxima which can be related to the various types of 
traps contributing to the luminescent process. Since 
the intensity decay of the industrial phosphors is usually 
complex this second type of experiment has found more 
general use. The thermoluminescent decay of lithium 
fluoride is of a sufficiently simple nature to permit 
analysis of both types of experiments from the stand- 
point of the second order decay law, Eq. (3). 

This type of analysis when applied to the experi- 
mental data obtained for lithium fluoride crystals indi- 
cates that two major types of traps contribute to the 
thermoluminescence. These have trapping energies of 
19,800 cal./mole and 45,300 cal./mole respectively. 
The same type of analysis is also applied to the results 
of “glow curve” experiments made with similar lithium 
fluoride crystals and it is found that the trapping energy 
for the higher energy traps as determined from the 
glow curve is in good agreement with that determined 
from isothermal decay. The lower trapping energy 
cannot be evaluated from the glow curve because of 
the composite nature of the decay in this region. 


DEVELOPMENT OF EQUATIONS 


When a crystal such as lithium fluoride is irradiated 
with x-rays, some of the electrons originally associated 
with ions in the crystal are excited to the conduction 
band where they are free to wander through the lattice. 
These excited electrons may encounter lattice imper- 
fections such as negative ion vacancies or impurities 
where they are attracted and bound or “trapped” at 
ordinary temperatures. 





Fic. 2. Diagram of apparatus used to measure thermolumines- 
cence. (A) Standardization lamp. (B) Furnace. (C) Sample. 
(D) Thermocouple. (Z) Photo-multiplier tube. (F) Power supply. 
(G) Galvanometer. (H) Light source. (J) Rotating drum camera. 


5 F, Urbach, Wien. Ber. 139, 20, 354 (1930). 
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Fic. 3. Thermoluminescent decay of lithium fluoride 
at various temperatures. 
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Fic. 4. Thermoluminescent decay of lithium fluoride 
at various temperatures. 


As the temperature of the crystal is raised the proba- 
bility is increased that a trapped electron will be 
released to the conduction band again by energy trans- 
fer. A released electron will remain in the conduction 
band until it encounters another trapping center and is 
retrapped or until it encounters and recombines with 
one of the ions which originally yielded electrons under 
the influence of the x-rays. 

This second type of recombination results in the 
release of energy in the form of a quantum of light 
giving rise to the observed luminescence. A kinetic 
treatment of this process can be considered by referring 
to Fig. 1. m; represents the number of trapped electrons; 
m, the number of electrons in the conduction band; 
and m3, the number of ionized ions with which electrons 
can recombine giving up quanta of light of average 
energy E,=hc/d. Since the luminescence for lithium 
fluoride is predominantly blue, E; in this case will be 
of the order of 60,000 to 70,000 cal./mole. 

In Fig. 1, the energy which a trapped electron must 
acquire in order to be excited back to the conduction 
band is represented by E;. 

If the crystal remains electrically neutral 


N+N2= N3. (S) 
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The situation as represented by Fig. 1 is analogous 
to the model used by Eyring in the development of 
the theory of absolute reaction rates for chemical re- 
actions. Electrons which are trapped correspond to the 
initial state of the reaction ; excitation to the conduction 
band corresponds to the formation of the activated 
complex; and electrons which have recombined with 
the parent ions correspond to the final state. 

Following Eyring’s development, we will assume that 
at a given temperature equilibrium exists between 
and 2, the molecule in the initial and in the activated 
states. This assumption of equilibrium becomes valid 
when m2 is small compared to m. Thus, if 


K=n/n (6) 
and 
—dn3/dt=k3n2ng3 (7) 


it follows from a simple kinetic treatment that 


K 
(1/23) —(1/n3°) = (—— Ja (8) 
K+1 


However, the intensity of thermoluminescence, J, is 
given by x 
I=E,(—dn;/dt). (9) 


Where E; is the average energy involved in transi- 
tion 3 and is not a sharp value because of the fact that 
the transition does not occur between sharp levels. 

Combining Eqs. (6), (8), and (9) gives the intensity 
as a function of time as 


r Eki K/(K+1)] 
~ Phe K/(K+1) t+1/ns°? 


The variation of K with temperature is given by 





(10) 
































K=K, exp(—£,/RT). (11) 
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Fic. 5. Thermoluminescent decay of lithium fluoride 
at various temperatures. 
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Fic. 6. Plot of In m? against 1/T for the two major components 
observed in the thermoluminescence of lithium fluoride. E for 
first component=19,800 cal./mole. E for second component 
= 45,300 cal/mole. 


Further, it will be noticed that K will be small com- 
pared to one and consequently 
[K/(K+1) kK. (12) 
Substituting Eqs. (11) and (12) into Eq. (5) and 
rearranging gives 
I-$=[(ks/E,)Ko exp(— E,/RT) }§t 
+ (1/n3°)[EiksKo exp(— E,/RT) }? (13) 
which is essentially the same equation as that derived 
by Garlick. 
According to Eg. (13), plots of J} against ¢ at a 


constant temperature should give a straight line having 
a slope given by 


mr=((ks/E1)Ko exp(—E,/RT) }}. (14) 


Determination of my at various temperatures makes 
it possible to evaluate E; since from Eq. (14) 


In(mz*)= —(E,/R)(1/T)+(ks/E:)Ko — (15) 
and a plot of In(mr*) against 1/T should give a line 
of slope, — E,/R. 


EXPERIMENTAL DETERMINATION OF INTENSITY 
DECAY CURVES AT CONSTANT TEMPERATURE 


Equations (13) and (15) were tested experimentally 
by observing the intensity decay of the thermolumines- 
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Fic. 7. Intensity temperature curve for lithium fluoride crystal. 
Rate of heating= 1.25°C/sec. 
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cence of lithium fluoride at various temperatures. The 
samples used in these experiments were in the form of 
plates one centimeter square and approximately two 
millimeters thick. These were cleaved from larger single 
crystals obtained from the Harshaw Chemical Com- 
pany. The plates were exposed on both faces to 35-kilo- 
volt x-rays from a tube equipped with a copper target 
and an aluminum window. The exposure time for each 
face was two minutes and was carried out at room 
temperature. 

The apparatus used to measure the thermolumines- 
cence is shown diagrammatically in Fig. 2. The irradi- 
ated sample was placed in a shallow Wood’s metal bath 
on the face of the furnace. The light emitted was 
focused upon a photo-multiplier tube connected to a 
galvanometer, the deflection of which was recorded 
photographically on a drum camera rotating at a known 
speed. f 

Since the proportionality constant #; appears in the 
expression for the slope, Eq. (14), it was necessary to 
standardize the recording circuit to the same relative 
value for all of the constant temperature decay studies. 
This was accomplished by means of the standardization 
lamp shown. 

The spectral distribution of the luminescence was 
not determined in these experiments. However, it was 
visually examined and found to be of a light blue color. 
No apparent change in spectral distribution occurred 
during the course of the intensity decay. 

The decay of the thermoluminescence of lithium 
fluoride with time is shown in Figs. 3, 4, and 5 for 
various temperatures. The decay is plotted in the form 
of J—? against time as indicated by Eq. (15). 

For the temperature range between 150°C and 200°C 
the data follow straight lines as required by the equa- 
tions. However, between 260°C and 290°C the data 
show pronounced curvature. At 304°C and 340°C the 
curvature appears in the initial portion of the decay 
but with additional time the data again become linear. 
At 370°C and at 420°C there is no further evidence of 
curvature. 

This behavior can be explained on the basis of two 
luminescent processes one of which has a low trapping 
energy and the other, a higher trapping energy. At the 
lower temperatures only the low energy process con- 
tributes to the luminescence. As the temperature of the 
decay is increased the low energy process occurs more 
rapidly until at the high temperatures the high energy 
process is the only one which is left to give a measurable 
decay after the initial warm up period of the crystal. 

In between these two temperature regions of low and 
high activation decay there is a region in which both 
processes contribute to the luminescence and thus the 
data cannot be represented by a simple J~! function. 

According to Eq. (15) it is possible to determine the 
trapping energy from the plots of J—} against time at 
various temperatures. It has been shown that a plot of 
the logarithms of the squares of the slopes should also 
result in a straight line, the slope of which is —E/R. 
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Such plots were made for the two groups of straight 
lines obtained and shown in Fig. 6. The trapping 
energies corresponding to the two groups of lines are 
determined to be 19,800 cal./mole and 45,300 cal./mole 
from these plots. 


GLOW CURVE EXPERIMENTS WITH IRRADIATED 
LITHIUM FLUORIDE 

A second type of phenomena associated with thermo- 
luminescence is the so-called “glow curves” of Randall 
and Wilkins which were first used by Urbach in studies 
on some of the alkali halides. 

In this type of experiment the irradiated crystal is 
heated at a constant rate and the intensity of lumines- 
cence is observed to go through maxima which are 
related to the trapping energies contributing to the 
thermoluminescence. To describe this process, J is 
given by : 

I= —E,dn;/dt (16) 
and the time variable is replaced by the temperature 
giving _ 

[= —Ewdn3/dT (17) 
where r is the rate of heating of the crystal. 

Integration of Eq. (12) gives 


oo 


f IdT=E yrn3. (18) 
id 


Using this expression for #3 in the kinetic treatment, 
and again introducing the temperature dependence of K 
gives 


'=[(kKo)/ (Er?) }! exp[— Ey err) f IdT. (19) 
T 
The condition at the maximum can be described by 


setting the derivative of Eq. (19) equal to zero. This 
resulting expression can then be solved for E, giving 
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Fic. 8. Intensity temperature curve for lithium fluoride crystal 
annealed at 150°C after x-ray exposure. 
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TABLE I. 
" a of iy . , f P 
t maz : Mt 
CC /eee) (°K) Imax Sm 1d1 (cal. /mole) 
1.25 551 116 3040 45,800 
1.26 534 116 3248 40,300 
0.25 525 6.0 136 48,000 


Average 43,700 








where the subscript m indicates the quantity at the 
intensity maximum. 

Equation (20) indicates that we may evaluate E, 
directly from the glow curve if Im7» and /7,,JdT can 
be determined. 

Glow curves were obtained for the irradiated lithium 
fluoride crystals using the same apparatus, the tem- 
perature of the Woods metal both being measured at 
specified time intervals. These data allow one to plot 
the intensity as a function of temperature and a typical 
curve is shown in Fig. 7. It will be seen that there are 
two major peaks corresponding to the two major trap- 
ping energies observed in the previous experiments. In 
addition there is a small secondary peak which is too 
small to be detected by the constant temperature decay 
method. 

The peak which occurs at the higher temperature is 
sufficiently isolated so that its corresponding trapping 
energy can be determined by using Eq. (20). The 
following table summarizes the results of measurements 
on several similar curves: 

It should be noted in Table I that the value of E is 
relatively independent of the rate of heating used in 
the determination of the glow curve. This, of course, is 
in line with Eq. (20) which does not include the rate of 
heating. 

The average value of 43,700 cal./mole for the second 
peak is in good agreement with the value of 45,300 
cal./mole determined for the higher trapping energy 
by the constant temperature decay method. 


MISCELLANEOUS EXPERIMENTS 
1. Effect of Annealing 


Crystals of lithium fluoride were exposed to x-rays in 
the manner described above and then placed in an oven 
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held at 150°C for a period of five minutes. From a 
consideration of Fig. 6 it will be seen that the low energy 
traps are unstable at this temperature whereas the 
higher energy traps are still stable. Consequently, one 
might expect to be able to selectively empty the low 
energy traps and, if the retrapping concept of the 
simple model is correct, to increase the number in the 
higher energy traps. An intensity-temperature curve 
for a crystal treated in this manner is shown in Fig. 8, 
plotted on the same relative intensity scale as Fig. 7. 
The peak ordinarily occurring at 150°C corresponding 
to low energy trapping has been removed. However, 
the secondary peak and the high energy peak are still 
present. It will be noticed that the intensity of the high 
energy peak is increased by this treatment which can 
be interpreted to mean that more electrons are in the 
higher energy traps. These additional electrons can be 
accounted for on the basis of the simple model used in 
this paper by assuming that some of the electrons which 
were removed from the low energy traps were recap- 
tured by the traps which were still stable. 


2. Effect of Fusion 


Experiments were run to determine the effect of fusion 
upon the characteristic glow curve of lithium fluoride. 
Some of the same crystalline material used in the above 
experiment was fused in a platinum crucible and cooled 
rapidly by pouring out on a clean platinum plate. The 
solid button was then ground in an agate mortar. 
Copper foil squares, one centimeter on a side were 
coated on one side with glyptol and a layer of the ground 
sample was pressed on top of this. These samples were 
then exposed to x-rays and glow curves were run in the 
manner described above. A typical curve is shown in 
Fig. 9. It will be seen that the two major peaks corre- 
sponding to the two major trapping energies are both 
present in about the same relation as for the single 
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crystal samples. However, there is no evidence of the 
smaller secondary peak which appears for the single 
crystals on the high temperature side of the first peak, 
This suggests that this secondary peak is due to the 
presence of a volatile impurity such as one of the com- 
ponents of air in the original samples. The fusion and 
quick chilling removed the volatile component without 
noticeably affecting the other types of traps. 


CONCLUSIONS 


The kinetic equations derived from the simple re- 
action rate mechanism are adequate to describe the 
thermoluminescence of lithium fluoride as a function of 
time and temperature. Two major types of traps and 
one secondary type of trap have been found in lithium 
fluoride by constant temperature decay studies and by 
glow curve experiments. In the case where the trapping 
energy could be determined by both methods the values 
so obtained were in substantial agreement. 

The observed effect of annealing at a temperature 
where the low energy trap alone is unstable can also 
be explained on the basis of the simplified model. 

Fusion of the crystal and subsequent quick chilling 
of the melt removes the secondary traps but does not 
affect the two major traps. This indicates that the 
secondary traps may be due to volatile impurities, 
possibly one of the components of air. 

Further experiments on the cause of these traps and 
on the general effects of impurities in the thermo- 
luminescent process in alkali halides will be reported in 
a subsequent paper. 

The author would like to acknowledge gratefully the 
advice and counsel of Professor Farrington Daniels 
during the course of this work. He would also like to 
acknowledge the assistance of Mr. Donald Saunders in 
taking the experimental data. He wishes to thank 
Professor Joseph Hirschfelder for helpful comments 
during the preparation of the manuscript. 
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The problem of hydrogen overvoltage is attacked by a method making systematic use of chemical and 
electrochemical potentials. More precise formulas are thereby obtained than in previous theories and a more 
definite interpretation of the transfer coefficient of Erdey-Griz and Volmer is arrived at. The Tafel em- 
pirical equation is discussed and the existence, in some cases, of several Tafel regions is considered. Activa- 
tion free energies, energies, and entropies for the discharge process are calculated and the mechanism 
involving formation of atomic hydrogen is shown to be entirely plausible. 


INTRODUCTION 


N spite of the large amount of experimental and 
theoretical work which has accumulated in the field 

of hydrogen overvoltage, confusion and disagreement 
are still prevailing, as is characteristically shown by the 


papers presented at the General Discussion on Elec- 
trode Processes held by the Faraday Society.’ Very 


1 Faraday Society Discussion, I (1947). See the papers om 
hydrogen overvoltage in Part II, pp. 50-126, and their discussion, 
pp. 127-141. 
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complete references to the literature of the subject are 
available in this most interesting series of papers and 
only the essential ones will be given in the present 
communication. The general approach to the kinetics 
of electrode processes is presented in convenient form 
by Glasstone, Laidler, and Eyring.’ They give in their 
discussion a prominent place to their own theory of 
hydrogen overvoltage, which is one of the several 
theories considering the hydrogen ion discharge as the 
rate determining step. The opposite group of theories, 
of which the rather recent one by Hickling and Salt® 
is a good representative, considers the combination of 
hydrogen atoms as the rate determining step. Attempts 
at reconciling the two points of view by assigning them 
to the two extreme cases of low and high overvoltages 
instead of regarding them as mutually exclusive have 
met with difficulties.‘ 

Another major difficulty is that pointed out by 
Frumkin® concerning the transfer coefficient a which is 
found empirically to be very often close to 0.5, a value 
which has so far received no theoretical explanation. 
The original proof that a=0.5 given by Erdey-Griz 
and Volmer® is actually no proof at all since these 
authors introduced the same transfer coefficient for the 
two opposite processes of discharge and ionization. The 
sum of the two coefficients being one, it follows then 
that obviously each one is equal to 0.5. In a later paper, 
however, Erdey-Griz and Wick’ introduced two trans- 
fer coefficients a and 8 not necessarily equal to each 
other. 

These various difficulties have led us to a re-exami- 
nation of the fundamental theory of overvoltage. In so 
doing we have found it particularly convenient and 
clear systematically to use chemical and electrochemical 
potentials and we believe that in this manner we have 
avoided certain pitfalls and errors of other treatments. 
As a result we have arrived, among several other im- 
provements, at a concrete interpretation of the transfer 
coefficient. 


ELECTRODE REACTIONS 


Regardless of whether the hydrogen ion is still 
hydrated or not when it is being neutralized by an 
electron, we shall write the discharge process as 


H++e-5H, (1) 


?Glasstone, Laidler, and Eyring, The Theory of Rate Process 
(McGraw-Hill Book Company, Inc., New York, 1941). 

947 Hickling and F. W. Salt, Trans. Faraday Soc. 38, 474 

‘See the remarks by A. Hickling, Faraday Soc. Discussion, I 
(1947), pp. 127 and 140. 

*A. Frumkin, Faraday Soc. Discussion, I, 60 (1947). 

*T. Erdey-Gréz and M, Volmer, Zeits. f. physik. Chemie 150, 
203 (1930). In a recent paper N. D. Sokolov (Doklady Akad. 
Nauk S.S.S.R. 61, 87 (1948); Chem. Abs. 43, 48 A (1948)) gives a 
theoretical calculation leading to the value 0.48 of the transfer 
coefficient. 

'T. Erdey-Graéz and H. Wick, Zeits. f. physik. Chemie 162, 53 
(1932). See, for instance, the discussion by J. A. V. Butler in 
Electrocapillarity: The Chemistry and Physics of Electrodes and 
Other Charged Surfaces (Methuen and Company, Ltd., London, 
1940), pp. 124-158, in particular p. 141. 
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Fic. 1. Structure of double layer in neighborhood of electrode. 
S=solution, A =adsorbed layer, E= electrode. 


which is eventually followed by the combination of two 
hydrogen atoms to molecular hydrogen 


H+H—H:. (2) 


Let us assume, for the time being, that these are the 
only steps of the mechanism. In a steady state corre- 
sponding to a constant overvoltage for a given current 
density the actual rates of these two processes must 
necessarily be equal although their specific rates may 
be different. Without having to decide in advance, by 
intuitive choice or otherwise, which of the two steps 
has the lower specific rate, the calculation of either one 
of the two rates which proves feasible will give the rate 
of the over-all process. 

It seems clear, on the basis of previous theories, in 
particular those of the Erdey-Griz-Volmer type, that 
the rate of step (1) is more amenable to calculation 
than that of step (2). Actually, other reactions can be 
expected to occur simultaneously with (1) and (2). 
Besides reaction (1) we may expect two more electron- 
consuming reactions if we assume that the only possible 
metallic hydride is MH. These two reactions are 


H++M+e—MH (3) 
Ht++MH+e—M-+ Hae. (4) 


In the metallic phase we shall then have, besides re- 
action (2) above, 


H+M—MH (S) 
H+MH—-M-+H, (6) 
MH+MH-—>2M+ He. (7) 


Finally, if we assume that M and MH are neither 
soluble nor volatile, we have the transfer reactions for 
H and He: 


H (metal)—H (solution) (8) 
H (metal)—H (gas) (9) 
He (metal)—H: (solution) (10) 
H, (metal)—>Hp (gas). (11) 


Our list is similar to that of Gatty and Spooner® 


8Q. Gatty and E. C. R. Spooner, The Electrode Potential Be- 
haviour of Corroding Metals in Aqueous Solutions (Clarendon 
Press, Oxford, 1938). 
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except for the additional reactions resulting from their 
assumption that the hydride MH; also exists. 

The current is determined by the consumption of 
electrons and is, therefore, given by the total rate of 
reactions (1), (3), and (4). In each one of these reactions 
the forward rate depends on the production of activated 
hydrogen ions in a state enabling them to capture 
electrons from the metallic electrode. These activated 
ions are formed from the free hydrogen ions in the 
solution by a process which is the same for the three 
reactions. In other words, there is only one forward 
rate. The reverse rates, however, will be different as 
will be shown below. 

When a steady state is established, the properties 
of the metallic surface do not change any more with 
time and enough hydrogen has been produced to 
saturate the surface and maintain equilibria between 
H, M, MH and Hz. We shall first leave out of con- 
sideration the overvoltages corresponding to very low 
current densities such as those studied by Bowden and 
Grew.® We shall assume that, at all overvoltages except 
the latter, for a given metal and a given electrolyte 
composition, all steady states characterized by a con- 
stant overvoltage for a constant current density corre- 
spond to the same composition of the metallic surface. 
This assumption brings a great deal of clarity into the 
whole problem of overvoltage. 


DESCRIPTION OF THE DOUBLE LAYER IN 
THE NEIGHBORHOOD OF THE 
CATHODE—NOTATIONS 


We shall use essentially the same configuration of 
the double layer as that of Kimball, Glasstone, and 
Glassner!® sketched on Fig. 1. The curve represents 
qualitatively the values of the standard chemical poten- 
tials of the different forms of hydrogen ions and 
hydrogen atoms: 

Position 1 corresponds to the metallic surface. Dis- 
charged hydrogen atoms under the three forms of 
atomic hydrogen, molecular hydrogen, and metallic 
hydride are located in this position. 

Position 2 corresponds to activated hydrogen ions 
ready and able to become neutralized by the electrons 
which are in position 1. 

Position 3 corresponds to adsorbed hydrogen ions in 
equilibrium with the free hydrogen ions in the solution. 

Position 4 corresponds to activated hydrogen ions 
being adsorbed or desorbed. 

Position 5 corresponds to free hydrogen ions in 
solution. All positions beyond 5 to the left are equivalent 
to 5 if ohmic RI corrections are made. 

In 5, 4, and 3 the ions are probably solvated. In 2 
they may still be solvated or the passage from 3 to 2 
may involve separation from the solvent. 

® F, P. Bowden and K. E. W. Grew, Faraday Soc. Discussion, I, 
86 (1947). 


10 Kimball, Glasstone, and Glassner, J. Chem. Phys. 9, 91 
1941), 
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The electric potentials in positions 1 to 5 are desig. 
nated by y to ys. The potential difference y;—y, 
between solution and electrode referred to a constant 
electrode (one of the calomel electrodes for instance) 
represents the cathodic potential under which elec. 
trolysis is taking place. If we call ¥s”—y" the reversible 
Nernst potential of a hydrogen electrode corresponding 
to the hydrogen ion activity of the solution, assumed to 
remain constant during electrolysis, the overvoltage js 
the difference 


w=Ps—vi-— (vs Wy’). (12) 


To simplify the writing of the mathematical formulas 
we shall represent by si, So, -:+ the ratios yF/RT, 
y2F/RT, --- in which F is the Faraday, R the molar 
gas constant and T the absolute temperature. Similarly, 
we shall represent by m, me, -- + the chemical potentials 
M1, M2, -** divided by RT and by m1, me, --- the elec- 
trochemical potentials f;= wit+y.F, --- divided by RT. 
The ratio wF/RT will be represented by 2. 


ADSORPTION EQUILIBRIUM BETWEEN 
POSITIONS 5 AND 3 


During the existence of the steady state corresponding 
to electrolysis under the overvoltage w and the current 
density J, the outer portion 5—4—3 of the double 
layer will certainly be of constant composition as long 
as the hydrogen ion activity of the solution remains 
constant and no concentration polarization occurs. 
This will be assumed to be the case in the whole treat- 
ment. We therefore can write the condition of electro- 
chemical equilibrium for the hydrogen ion in positions 
5 and 3: 


MetbysF = ustysF. (13) 


The difference y3—ys is the electrokinetic potential { 
and we thus have: 


Hs=f3 OF 


f= (us—us)/F. (14) 


The relationship between the surface concentration C; 
of hydrogen ion in the layer 3 and the bulk activity 4; 
could be derived from the chemical potentials 


bs=ps°+RT Ina; 
and 
H3=pus°+RT InC;’, (16) 


in which the ws are standard chemical potentials of 
the hydrogen ion and z is an exponent greater than one, 
as in a Freundlich isotherm equation. Combination of 
(13), (14), (15) and (16) gives: 


C3?=exp(ms°—ms3°)-as5-exp(—¢F/RT) __ (1/) 


in which exp(m,;°—m3°) is an equilibrium constant. 
Expression (17) is more complicated than that assumed 
by Frumkin," even when z is taken equal to one. 


1 A. Frumkin, Zeits. f. physik. Chemie 160, 116 (1932); 1, 
121 (1933) ; see Butler, reference 1, p. 132. 
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HYDROGEN OVERVOLTAGE 


Equation (17) will, however, not be needed in our 
treatment. 


KINETICS OF THE DISCHARGE PROCESS 


The successive steps by which a hydrogen ion passes 
from the state of free ion in the bulk of the solution to 
that of neutral hydrogen atom on the surface of the 
electrode are the following: 


H*(S)—>H*(4)>H*(3)>H*(2)>H(1)—e-(1) (18) 


in which states 4 and 2 are activated states. The net 
velocity of passage from 3 to 1 is the difference between 
the velocity of discharge from 3 to 1 and the velocity 
of ionization from 1 to 3. We have, according to the 
absolute rate theory, 


v3-9= (RT /h)Cute (19) 


in which & is the Boltzmann constant, h the Planck 
constant and Cy*, the concentration of the activated 
hydrogen ion in position 2 in equivalents/cm?. Since 
there is equilibrium between H* in 2 and Ht in 3 or 5 
we may write, assuming an activity coefficient of 1 for 
the activated Ht in 2, 


v3-2= (RT /h)-a5-exp(ms5°—m,°)-exp(Ss—S2) (20) 


in which m,;° and m,° are the ratios over RT of the 
standard chemical potentials in 5 and 2. If we introduce 
the reversible hydrogen electrode potential correspond- 
ing to the activity a5 we have 


(21) 


Combining this exponent s;’—s;" with the ss—s2 of 
Eq. (20) and introducing the overvoltage w=vRT/F 
we have 


ds=exp(si"—5;"). 


Ss—S2— (S5” — $1") = S5— 51 — (Ss — 51’) 
+51—S2=0+51—S2 


(22) 


and hence 


?3-9= (RT /h)-exp(ms°— mp) -exp(si—S2+0). (23) 


We note that this expression does not include any con- 
centration or activity factor. Any dependence of v3_». on 
the H+ activity would come through s;— se. The specific 
tate of discharge can easily be obtained by dividing 
Eq. (20) by Cs=4as5/fs in which f; is the activity coeffi- 
cient of H+ in solution and another expression for this 
same specific rate can be deduced from (23), the precise 
form of the factor depending on electric potentials 
being thus obtained directly.” 
For the reverse process in reaction (1) we have 


0-2 = (kT/h)Cut! (24) 


in which the concentration Cy*2’ is in equilibrium with 
"See the discussion of this point in Glasstone, Laidler, and 
yring (reference 2, p. 584) and in Kimball, Glasstone, and 
lassner (reference 10). 


H* in 1 or with H(1)—e(1). We thus have 


01-2 = (RT /h)-exp(m,;—™Me1— Me") (25) 


in which my, is the ratio over RT of the chemical poten- 
tial of H in 1, m,; is the ratio over RT of the electro- 
chemical potential of the electron in 1 and mz" is 
m2°+-so. We also have 

V1~2 = (RT/h)-exp(m,—m.,— m2") -exp(si—S2). (26) 
For the reverse process in reaction (3) we have 


0-2 = (RT /h)Cunte’ (27) 


in which the concentration Cuts’ of a complex MHt*, 
whose H* is in 2, is in equilibrium with MH? in 1 or 
with MH(1)—e(1). We thus have 


V1~2 = (RT /h)-exp(mmu—Mei1—M7mnu*°) 
or also 


(28) 


V1-9 = (kT /h) _ exp(mm H— Me1— ™mM Ht’) 


-exp(Si—Se). (29) 


For the reverse process in reaction (4) we have 


V2" = (RT /h)C’MHe*2 (30) 


in which the concentration C’MH*2 of a complex MH,*, 
whose Ht is in 2, is in equilibrium with MH,* in 1 or 
with M(1)+H2(1)—e(1). We thus have 


v2 = (kT /h)-exp(mm+my.—Ma—Mnmu,*) (31) 
or also 


1-2’ = (RT /h)-exp(mm+ my. — Mei— MMH") 


-exp(Si—S2). (32) 


Since the composition of the electrode surface is the 
same at all overvoltages we see that, in (26), (29), and 
(32), only the factor exp(si—s2) is variable and the 
total reverse rate 2:2 is of the form 


Vj-2= (RT /h)- A-exp(si—Se) (33) 


in which A can be determined by the equilibrium con- 
dition v3_2= 2,2 which holds when »=0. From (23) and 
(33) we easily find 


A=exp(m;°—m,°). (34) 


The net velocity of discharge is v3-2—v:-2 and the 
current density is thus 


I=vF =(kTF/h)-exp(ms°— mz") 
-exp(si— 52) exp(v) — 1 ]. 
We thus obtain the very interesting result that the 
effective discharge potential is not w but wt+yi—yo, 


while the effective potential for the opposite process of 
ionization is ¥;—y2. If we write 


Io= (RTF /h)-exp(ms°— m2"), 


(35) 


(36) 
we have 


I =I -exp(si— 52) -Lexp(v) —1]. (37) 
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One will easily verify that even at overvoltages as low 
as 0.1 volt the value of e” is about 50. 


APPEARANCE OF THE TAFEL EQUATION AND 
INTRODUCTION OF THE TRANSFER 
COEFFICIENT OF ERDEY-GRUZ 
AND VOLMER 


Let us consider a range of values of v for which the 
ionization process is negligible, i.e., for which e” is much 
greater than 1. Equation (37) then reduces to 


I=Iy-exp(si— 52+). (38) 


Let us examine the implications of the assumption 
that, in some cases at least, s;— Ss» will be a linear func- 
tion of v such that 


$1—So+v= av (39) 
in which a@ is a constant. Formula (38) becomes 
I =I -exp(av) (40) 


which gives an equation of the form of Tafel’s empirical 
equation 


w=vRT/F=(RT/aF) In(I/In). (41) 


We see that a is the transfer coefficient of Erdey-Griz 
and Volmer. In more familiar form 


w=b log/+a (42) 


in which 


b=2.3(RT/aF) and a=—2.3(RT/aF) logly) (43) 


The foregoing reasoning gives to a a precise meaning. 
The effective discharge potential is 


av=$1—Se+[55—51— (55"—51") ] 


= $5— Sa— (55"—5}’). (44) 


One may assume ss=S;’, the overvoltage and the re- 
versible potential being then referred to the same 
reference electrode. We thus see that the effective 
discharge potential can in general be regarded as equal 
to s;"—S2. Since s;’ is constant for a given hydrogen ion 
activity the effective discharge potential differs by a 
constant term from the potential at the activation 
peak 2 of Fig. 1. For the rather common case a=0.5 
we have s;—S2= —0.5v. If the effective discharge poten- 
tial is (RT/F)av the effective potential for the opposite 
process is (RT/F)(a—1)v. The difference between these 
two potentials is (RT/F)v. The quantity 1—a is the B 
of Erdey-Griz and Wick’ and we have a+f6=1, a 
feature of our treatment which coincides with assump- 
tions made in the majority of the other treatments. 
(See, however, the discussion by Audubert.”) 

An important feature of the domain of validity of 
Tafel’s equation is that the relationship between over- 
voltage and current density is independent of the 
hydrogen ion activity of the solution. It has already 


48 R. Audubert, Faraday Soc. Discussion, I, 72 (1947). 
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been found above (Eq. (35)) that the current does not 
depend explicitly on the Ht* ion activity of the solution, 
Validity of the Tafel equation in a range of J and w 
values would imply that @ is independent of H* ion 
activity, while departure from the Tafel behavior could 
be assigned to the dependence of a on pH or to a more 
complicated dependence of s;—s2+v on v such as 


$1—Sgtv=av+yr+- os (45) 


LOW AND HIGH OVERVOLTAGES—EXISTENCE 
OF SEVERAL TAFEL REGIONS 


Experimental confirmation of the Tafel equation has 
been obtained for many electrode materials and many 
different compositions of solutions. The summary of 
Bowden and Agar" has been reproduced and discussed 
by many authors."*7 Observations made by Bowden 
and collaborators® show that in general the Tafel 
equation for hydrogen overvoltage holds well between 
current densities of 10-? to 10-7 amp./cm?. In 0.2 
Normal H2SQ, electrolyzed with a mercury cathode the 
transfer coefficient was found to be 0.52 and the 
extrapolated J, defined by formula (40) was found to be 
6X 10-” amp./cm?. Bowden and Grew® found that, for 
the same solution and metal, at current densities from 
10-* to 10-® or even 10-!° amp./cm? the overvoltage 
also follows a Tafel equation with a transfer coefficient 
of 0.45, the extrapolated J) being now 4X10-" amp. 
cm*. On the basis of formulas (36) and (40) we see 
that the different Jo values of the two Tafel regions 
characterized by a=0.52 and a=0.45 correspond to 
different values of ms°—m,°. In other words, changes in 
a necessarily imply changes in the chemical activation 
free energy. One can easily calculate that the difference 
in the chemical potential y2® between the two Tafel 
regions is about 1.1 kilocalorie, the value for the lower 
current densities being the higher. If one examines 
other overvoltage data one notices that it is sometimes 
possible as an approximation to distinguish several 
Tafel regions corresponding to successive linear seg- 
ments of what is actually a continuous curve. The 
region corresponding to a=0.5 is often an extended 
one but it will cover a different range of current densities 
for different metals and different electrolyte composi- 
tions. As the current density increases the plots of over- 
voltage against the logarithm of the current density 
tend to flatten out, the overvoltage becoming very 
nearly constant. The values of @ are then in the neigh- 
borhood of 1 and can even become greater than |, 
provided no concentration polarization occurs. A value 
of a larger than 1 would indicate a reversal of sign for 
$1—5S2 as is shown by formula (39). For a exactly ont 
$1—S2=0. Values of a which decrease upon increase 0 
current density after the a=0.5 region indicate col 
centration polarization. 

14 F, P. Bowden and J. N. Agar, Ann. Rep. on Progress Chet. 
(Chem. Soc. London) 35, 90 (1938). 


16 H. J. Creighton, Principles and A pplication of Electrochemistt) 
(John Wiley and Sons, Inc., New York, 1943), see Vol. I, p. 283 
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HYDROGEN OVERVOLTAGE 


It appears as a whole that previous theories of over- 
voltage have been oversimplified and that a varies 
continuously with a simultaneous variation of the 
chemical potential y2°. As an approximation one may, 
in some cases at least, consider a as constant over more 
or less considerable ranges of current density, 2° being 
then also constant. In the theory presented here the 
variation of the current density is due to the combina- 
tion of effects described by formula (35) in which only 
the universal constants and m;° are truly constant. 


VERY SMALL OVERVOLTAGES 


At very small overvoltages, such that e’?=1+-, the 
experimental data available point towards the propor- 
tionality of J with v. Formula (35) gives us then, if we 
still admit the linear relation (39), with a value of a 
different from that in the Tafel region, 


I= (kTF/h)-exp(ms°— mz") -[v+(a—1)2? ]. 


Since v® would then be negligible in comparison with v 
the theory developed here is in agreement with experi- 
mental observations. 


(46) 


ACTIVATION FREE ENERGY, ENERGY AND 
ENTROPY OF THE DISCHARGE PROCESS 


The quantity ms5°—m,° is obtained by extrapolation 
of any portion of the w—In/ plot corresponding to a 
constant value of a, for instance for the various cases 
of the tabulation of Bowden and Agar." 

For instance, with 0.2 Normal H,SO, and a mercury 
cathode in the middle Tafel region for which a=0.52, 
we have, as standard free energy change, 


AF*= RT (m2°— m;°) = p2°— ws°= 40 kilocalories. (47) 


Such a value is not surprising since the activated 
state 2 of the hydrogen ion is to be regarded as being 
at least at the same free energy level as the product of 
the reduction in its adsorbed state on the electrode. 

Our Eq. (21) implies 


ZHH21°—us°+3RT Inpu,=0 (48) 


in which py, is the pressure of Hy in a gaseous phase in 
equilibrium with the Hz adsorbed on the electrode. 
Adsorbed atomic hydrogen has a chemical potential 
which can be written 


Mui= “ai +RT Inpy (49) 
such that!6 


ba’ — 3uH1°= 48.3 kilocalories (50) 


the pressure py being that of an atomic hydrogen phase 
in equilibrium with the H adsorbed on the electrode. 
Combination of (48), (49) and (50) gives 


bai=48.3+y5°+RT In(pu/puz!). (51) 


The difference wHi—ps? can be as large as 40 kilo- 


*W. M. Latimer, The Oxidation States of the Elements and their 
hg Aqueous Solutions (Prentice-Hall, Inc., New York, 
» P. 27. 
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calories which leads to a plausible value of the pu/n.! 
ratio. With 0.2 Normal H2SQO, and bright platinum we 
would have 32 kilocalories instead of 40 for the differ- 
ence 2°— ps5. The corresponding energies of activation 
are 18 kilocalories for mercury and 9.5 to 11.5 (or 10.5 
as an average) kilocalories for bright platinum? making 
the products of standard entropies of activation with 
temperature — 22 and — 21.5 kilocalories respectively. 

These calculations, which can easily be extended to 
many other cases, seem to be in general agreement with 
a discharge process to atomic hydrogen in spite of 
opinions by some authors that energies of activation 
like 18 or even 10.5 kilocalories are too large for a 
mechanism involving simple addition of an electron to 
a hydrogen ion or proton and of opinions by other 
authors that these same values are too small for a 
mechanism of neutralization to atomic hydrogen. The 
values of the free energy of activation are of the right 
order of magnitude for the latter mechanism. The 
entropies of activation appear very large in absolute 
value but they indicate that the activated state 2 
represents a much more organized state of the hydrogen 
ions than their standard state in solution. 

The very valuable review of the hydrogen over- 
voltage problem by Bockris'’ came to our attention 
after the completion of the present manuscript. His 
discussion of the various theories does not require any 
modification in the foregoing treatment. The only 
point on which we wish to comment is the pH depend- 
ence of the overvoltage-current density relationship 
which is observed in some cases. Our treatment would 
account for such a dependence through a variation of 
the chemical portion of the activation free energy 
H2°— us", a possible dependence of a on pH or also by 
introducing, at the starting point (Eq. (20)), an activity 
coefficient for the activated hydrogen ion in position 2. 

In connection with Bockris’ brief reference to the 
effect of dissolved oxygen on hydrogen overvoltage, it 
might be well to mention the detailed experimental 
investigation of Piontelli and Poli.’* In this same con- 
nection the extensive literature on the polarographic 
reduction of oxygen and of hydrogen ion is of direct 
significance. 

The reason for undertaking the foregoing theoretical 
study of hydrogen overvoltage arose in connection with 
some aspects of a research project entitled ‘Polaro- 
graphic Study of Corrosion Phenomena” being carried 
out under a contract between the University of Oregon 
and the Office of Naval Research. To the latter organiza- 
tion and to Dr. Paul Delahay, Research Associate on 
the ONR program, with whom the contents of this 
paper were thoroughly discussed, the writer expresses 
his gratitude. He is also indebted to Dr. Samuel 
Glasstone for the loan of unpublished material on 
electrode processes and overvoltage. 

17 J. O’M. Bockris, Chem. Rev. 43, 525 (1948). 


18 R, Piontelli and G. Poli, Atti reale accad. Italia. Mem. classe 
sci. fis. mat. e nat. 13, 903 (1942). 
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The infra-red spectrum of hydrogen persulfide has been investigated in the region 1.5 to 15, and vibra- 


tional assignments have been made. The perpendicular band at 24 has been studied under high resolution 
and a value for one of the rotational constants has been obtained. The data strongly support a chain structure 
for hydrogen persulfide and probably exclude cis- or trans-planar structures, but give no very definite 


information regarding the azimuthal angle. 








1. INTRODUCTION 


LTHOUGH the structure of hydrogen peroxide 

has been the object of much experimental work 
and speculation,! comparatively little attention has 
been paid to its sulfur analog, hydrogen persulfide. 
Stevenson and Beach? investigated the persulfide by 
means of electron diffraction and reported the S—S 
distance to be 2.050.02A. Since this distance corre- 
sponds closely to the single-bond distance for sulfur, 
2.08A,° they concluded that the persulfide molecule had 
the chain structure with the hydrogens attached to 
different sulfur atoms. It is reasonable to expect that 
the structures of hydrogen persulfide and hydrogen 
peroxide should be similar and that the former molecule 
should have at least the symmetry C2, which is reason- 
ably well established for hydrogen peroxide by the 
spectroscopic observations of Zumwalt and Giguére,' 
but the angles between the two planes including the 
heavy atoms and a hydrogen atom may well be some- 
what different in the two molecules. 

The only previously existing spectroscopic data on 
hydrogen persulfide are three Raman shifts of 510, 882, 
and 2513 cm™, respectively, obtained on the liquid by 
Fehér and Baudler.6 The present work is concerned 
with an investigation of the infra-red vibration spec- 
trum of this substance and the rotational structure of 
the first overtone of the S—H stretching vibration at 2u 
in an attempt to obtain further information regarding 
the molecular structure. 


2. EXPERIMENTAL PROCEDURE 
Materials and Methods 


The hydrogen persulfide used in this investigation 
was prepared by the procedure detailed by Butler and 


* Contribution No. 1264 from the Gates and Crellin Labora- 
tories of Chemistry. 

** Present address: Mallinckrodt Laboratory, Harvard Uni- 
versity, Cambridge, Massachusetts. 

1G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
p. 301. 

2D. P. Stevenson and J. Y. Beach, J. Am. Chem. Soc. 60, 2872 
(1938). 

3L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1942). 

*L. R. Zumwalt and P. A. Giguére, J. Chem. Phys. 9, 458 
(1941). 

5F. Fehér and M. Baudler, Zeits. f. Elektrochemie 47, 844 
(1941). 
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Maass.® Briefly this method consists of dropping a 
sodium polysulfide solution into cold, concentrated 
hydrochloric acid and fractionally distilling under 
vacuum the mixture of hydrogen polysulfides formed. 
The colorless redistilled hydrogen persulfide was used 
immediately for the spectroscopic investigations. Two 
separate preparations were made and no spectroscopic 
difference was noted. 

Hydrogen persulfide decomposes rapidly in the pres- 
ence of alkali. To minimize this decomposition, the 
Pyrex cells were first cleaned in boiling concentrated 
nitric acid and thoroughly dried. The sodium chloride 
windows with Koroseal gaskets were then clamped in 
place, the cell evacuated, and filled with dry hydrogen 
chloride gas. The hydrogen chloride gas was allowed to 
remain in the cell for 10-15 minutes before the cell was 
again evacuated and the hydrogen persulfide intro- 
duced. 

At 25°C the vapor pressure of hydrogen persulfide is 
109 mm.® With this vapor pressure a path length of 
50 cm was found to be adequate. 


Prism Instrument 


The vibration spectrum was traced from 1.5 to 15 
with a Beckman IR-2 spectrophotometer which has a 
resolution of about 3 cm at 9u. The wave-length drive 
and slit control of our instrument are coupled in such a 
fashion that the intensity of the background is reason- 
ably constant through the region 4-13u, though a 
noticeable dip occurs in the vicinity of 9.34. A Brown 
recorder was used to give a continuous plot of intensity 
versus wave-length. 


Grating Instrument 


The 2u-band of hydrogen persulfide was also investi- 
gated under high dispersion with an automatic record- 
ing one-meter grating vacuum spectrograph which has 
recently been described by Badger, Zumwalt, and 
Giguére.’ The spectra were taken in the first order of a 
replica grating with 7500 lines per inch, using a lead 
sulfide cell as the photo-sensitive element and a slit 
width of 0.05 mm, corresponding to 0.85 cm“. 

6K. H. Butler and O. Maass, J. Am. Chem. Soc. 52, 218 


(1930). 
7 Badger, Zumwalt, and Giguére, Rev. Sci. Inst. 19, 861 (1948): 
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HYDROGEN PERSULFIDE 


The instrument was calibrated by observing first and 
higher orders of visible and near-infra-red argon lines 
from a sodium vapor lamp containing argon at low 
pressure. The wave-lengths of these standards were 
corrected to vacuum. In the case of lines having a 
sharp maximum it is believed that our wave-length and 
frequency determinations are accurate to 1 part in 
25,000. 


3. EXPERIMENTAL RESULTS AND INTERPRETATION 
Vibrational Structure 


Traces of the prismatic spectrum from 1 to 12y and 
of the overtone band at 2 under high dispersion are 
shown in Figs. 1 and 2, respectively. The frequencies 
of the band centers are given in Table I together with 
the previous Raman data on the liquid and probable 
assignments. The assignments were made on the assump- 
tion of a chain structure, which, as will be shown, is 
compatible with the observations. Structures resembling 
formaldehyde or chloramine appear to be excluded by 
the data. 

If hydrogen persulfide has the chain structure with 
point group symmetry C2, the six normal modes in 
probable order of decreasing frequency may be de- 
scribed as unsymmetrical and symmetrical S— H vibra- 
tions, vs(b) and »;(@); symmetrical and unsymmetrical 
bending motions, v2(a) and ve(b); an S—S valence 
vibration v3(a); and a torsional oscillation, v4(a). In 
principle vs; and vg may both give rise to hybrid bands 
unless the molecule has higher symmetry than Ce. The 
relative intensities of the “‘parallel’’ and “perpendicular” 
components of the hybrid fundamental of vs should be 
quite sensitive to the azimuthal angle, but the funda- 
mental of vg should in any case be expected to have 
predominantly “parallel” character. The remaining 
fundamentals must give rise to bands of pure “per- 
pendicular” type. Owing to the relatively large mass of 
the central atoms, the C2 model is very nearly a sym- 


SPECTRUM 


TABLE I. 








Infra-red bands 
(vapor) 
Relative 
intensity* 


v(cm~!) (a) Assignment 





v3(a) 
vo(a) 


886{557 


0.035) 


0.043 J ve(b) 


897 
vi(a) 
predominantly v5(b) 
vet+y;(B) 
vstv6(A) or vot+vs(B) 
vi+v5(B) and possibly 
2v1(A) 


0.015 
0.002 
0.002 
0.003 


2577 
3065 
3400 
5007.2 








* The figure given is the apparent absorption coefficient at the maximum 
of the band defined by the equation a = (1/1) logTo/T and measured under 
conditions such that the absorption was between 15 and 50 percent. The 
equivalent path, pl, is expressed in cm atmos. at 0°C. 


metrical rotator for any value of the azimuthal angle, 
and one might anticipate difficulty in distinguishing 
bands in which the change in electric moment is parallel 
to major or intermediate axes of inertia. For a planar 
trans-structure, v; should be inactive, and v; active, but 
for smaller azimuthal angles it is at present not possible 
to predict their relative activities. 

In the neighborhood of the S—H fundamentals only 
one absorption region was observed with center at 
2577 cm™, which might include both »; and »;. Though 
no structure was resolvable with the low dispersion 
employed, the narrowness of the band suggests, how- 
ever, that it is predominantly of parallel type and 
should be ascribed chiefly to »;(6). The Raman shift 
of 2513 cm= in the liquid is presumably »;(a). In the 
vapor this frequency is probably appreciably greater 
and not greatly different from v;. The second harmonic 
S—H band appears to have a strong “parallel” type 
component, as is discussed below, and consequently 
must be attributed at least in considerable part to 
v;+¥5(B). It may contain traces of 2»,(A) or of absorp- 
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Fic. 1, Prismatic spectrum of hydrogen persulfide; equivalent path length=6.2 cm (S.T.P.); temp.=25°C. The minima at about 
7.24 and 3.34 are “ghost” bands due to the contamination of a window in the spectrograph. 
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Fic. 2. Rotational structure of the hydrogen persulfide band at 2; equivalent path length= 12.4 cm (S.T.P.). 


tion from the first excited level of vs. We regard it as 
unlikely that 2»;(A) will appear with significant in- 
tensity. In the spectra of the non-linear triatomic 
molecules there is a conspicuous absence of harmonics 
or combination bands in which the unsymmetrical 
frequency v3; would occur in an even multiple. 

The frequency of the S—H fundamental differs no 
more from the frequencies in H2S than should be ex- 
pected from the difference in reduced masses. This 
indicates that the S—H distance is not greatly different 
in the two molecules and is possibly some evidence for 
the chain structure of the polysulfide. 

In the region 5-15 only one band of appreciable in- 
tensity was found. This moderately strong band at 
886 cm has a frequency less than that of v2 in HS by 
a factor slightly greater than the square root of two. 
It is rather definitely of the parallel type, and the 
separation of the maxima in P and R branches is that 
which would be predicted from the calculated moments 
of inertia which will be discussed below. With the 
limited resolution employed the failure to observe a 
Q-branch is not unexpected since it should be relatively 
weak because of the large ratio of major to minor 
moments of inertia and should be “washed out” by the 
noticeable band convergence. The resolution was ade- 
quate to distinguish a perpendicular type structure, had 
such been present with appreciable intensity. We can, 
with assurance assign this band to v¢(b), the unsym- 
metrical bending vibration of the chain structure. The 
Raman shift at 882 cm™ is probably v2(a), but the very 
near equality of vg and v2 is somewhat surprising and in- 
dicates very little interaction between the two H—S—S 
bendings, 


The frequency of the 11yu-band, its structure, and the 
absence of other bands of appreciable intensity in the 
region 5-15u are very good evidence for the chain 
structure of hydrogen persulfide. A formaldehyde struc- 
ture would have three bending frequencies, presum- 
ably all on the short wave side of 15, and all should be 
expected to have reasonable intensity in the infra-red. 
Only one of these fundamentals v2(a;), would have 
parallel structure, and its frequency might be expected 
to lie close to that of v2 in H2S. In a model of the 
chloramine type even the analogous vibration would 
give rise to hybrid bands, and the previous remark 
regarding frequency would be applicable. 

The weak bands at 3065 cm and 3400 cm™ may 
reasonably be assigned to combinations of a S—H 
valence vibration with the S—S valence frequency, 
v3(a), and with one of the bending frequencies, respec- 
tively. The Raman shift in the liquid at 510 cm™ must 
certainly be ascribed to the S—S vibration, and the 
frequency in the vapor is probably not significantly 
different. 

The fundamental of the twisting frequency, »() 
should be expected to lie well below the limit of the 
region available to rock salt optics. A search for this 
fundamental would be worth while since its intensity 
would give some information regarding the angle be- 
tween the H—S—S planes. Its presence in the infra- 
red spectrum would exclude the possibility of a planar, 
cis-structure for hydrogen persulfide, which possibly 
cannot be completely ruled out by our present ob- 
servations. 
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HYDROGEN PERSULFIDE SPECTRUM 


Structure of the Overtone Band at 2u 


Although the absorption region at 5007.2 cm shows 
rather strong and well-resolved ”Q- and ¥Q-branches 
the distribution of intensity is not that to be expected 
in a band of pure perpendicular type. The strong con- 
centration of absorption in the unresolved background 
immediately to both sides of the band center indicates 
the presence of a fairly strong parallel type component 
which can result only from »;+»;(B). We believe that 
the most probable explanation of this band is that it is 
a truly hybrid structure similar to the third harmonic 
band of hydrogen peroxide‘ and is due almost entirely 
to the transition just mentioned. Some weak maxima 
lying between the intense ”Q- and “Q-branches may 
conceivably be due to a weak and nearly coincident 
2v,(A), or to absorption from the first excited level 
of vs. If this explanation is correct the planar cis- 
structure for hydrogen persulfide is of course excluded 
because of the hybrid structure of the band. Further- 
more, the relatively greater intensity of the perpen- 
dicular component of the band as compared with both 
overtone hydrogen peroxide bands*® suggests that the 
azimuthal angle may be slightly larger in the per- 
sulfide than in the peroxide. It is of particular interest 
that the persulfide absorption shows no indication of 
the doubling found in both overtone bands of the OH 
frequency in hydrogen peroxide, and attributed by 
Zumwalt and Giguére to a double minimum in the 
torsional potential. 

The frequencies of the principal maxima of the 
du-band are given in Table II, together with rotational 
constants for the upper and lower states. In Table III 
are given approximate moments of inertia and rota- 
tional constants calculated for C2. models for hydrogen 
persulfide with several azimuthal angles. 

The moment of inertia about the axis of symmetry 
isgiven by the expression: 


I,= 2mup’+2msa*/4 (1) 
and the remaining moments of inertia by the expression: 


I,2=2mu[(n—m)?+ f? sin?(y+a) ] 
+2ms[m?+ (a?/4) sin’'g] (2) 


when yg is given the two complementary values given by 
the relation below. Quantities entering into these equa- 
lions are defined as follows: 


n=b sinB cosé 

m=myn/(my+ms) 

P’=[(a/2)+6 cosB P+ (b sin@ siné)* 
a=tan[ (6 sin sin@)/(b cosB+a/2) } 

y= —} tan“ [sin2a/(cos2a+msa?/4my’) | 


where a@ is the S—S distance, b the S—H distance, 
§ the angle between the S—H bond and the projection 
of the S—S bond, 2@ the azimuthal angle, or angle 


a 
*P. A. Giguére (to be published). 


1235 


TABLE II. Principal maxima in the hydrogen persulfide 
band at 5007.1 cm™. 








RO(K) F®O(K)—?O(K) ®0(K—1)—?Q(K+1) 
(em~) 4K 4K 


PO(K) 


(cm™) 








5012.0 
21.0 
29.5 
37.6 
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a 


Rotational Constants 
(A’— B’) =4.50 cm= 
(A”— B”) =4.64 cm™ 











between H—S—S planes, and my and msg are the 
masses of the hydrogen and sulfur atoms. 

In making the calculations, @ was given the electron 
diffraction value, 2.05A. For reasons given above the 
H—S distance was taken to be 1.334A and the H—S—S 
angle was assumed to be 92° 16’, the apex angle in H.S. 

The small moment of inertia varies roughly as the 
square of the S—H distance, which is not known ex- 
actly. It is very insensitive to the S—S distance, the 
H—S—S angle and to the azimuthal angle. A change 
of 0.01A in the S—H distance produces a greater effect 
than a change of 180° in the azimuthal angle. Conse- 
quently it is evident that no very definite conclusion 
regarding the azimuthal angle can be drawn from the 
rotational spacing of the 2u-band. Though the agree- 
ment is best for an azimuthal angle of about 90° it must 
be regarded as satisfactory for any angle. 

The general appearance of the band is compatible 
with the angle mentioned. None of the ”Q- or 4Q- 
branches are missing near the band center nor do they 
show evidence of splitting, and the minimum at the 
center may be attributed largely to the presence of the 
parallel type band component rather than to asym- 
metry. The hydrogen persulfide molecule becomes a 
symmetrical top when the azimuthal angle is very close 
to 90° but it is not very unsymmetrical even for the 
two extremes of this angle. The angle could conse- 
quently deviate rather greatly from 90° without having 
a significant effect upon the appearance of the band. 


TABLE III. Moments of inertia and rotational constants 
for hydrogen persulfide model. 








Rotational constants 
(cm™~!) 
(A —B) 


4.62 
4.63 
4.65 
4.65 


Avi . Moments of inertia 
—— (g cm? X104°) 
(20) Nh Ie I B 


0° 5.76 115 121 0.24 
60° 5.75 116 120 0.24 
140° 5.72 120 116 0.24 
180° 5.72 121 115 0.24 
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It should be noted, however, that the rotational 
constant shows that the S—S—H angles must be near 
to 90° unless the S—H distance is abnormally long. 
This fact offers very strong support for the chain 
structure, since such angles are rather improbable for 
any other structure. 


4. CONCLUSION 


As has been shown, the character of the hydrogen 
persulfide spectrum offers very strong support for a 
chain structure of the molecule, but gives no very 
direct information regarding the azimuthal angle, 
though the apparent hybrid character of the 2u-over- 


MAIR AND D. F. 








HORNIG 


tone band makes the cis-planar model quite improbable. 
The significant differences between the overtone S—H 
band and the O—H overtones of hydrogen peroxide are 
probably related to differences in the angle in these two 
molecules. It is hoped that a study of the fundamental 
of v4, the twisting vibration, may be made in the near 
future. The presence of this band in the infra-red 
spectrum would definitely exclude the cis-planar form. 
If the molecule has neither planar form the double 
minimum in the torsional potential would probably 
give rise to a detectable doubling of this band which 
would possibly permit an estimate to be made of the 
azimuthal angle. 

























THE JOURNAL OF CHEMICAL PHYSICS 


Rosert D. Matr** anp Donatp F. Hornic 
Metcalf Research Laboratory, Brown University, Providence, Rhode Island 


(Received March 28, 1949) 


observed at — 170°C. 
I. INTRODUCTION 


HE study of the infra-red and Raman spectra of 
crystals is a potentially powerful but as yet little 
used tool in the determination of molecular and crystal 
structure. In the first paper in this series! it was shown 
that in the harmonic approximation the spectrum of the 
crystalline solid (Raman or infra-red) should consist of 
only a relatively small number of extremely sharp lines, 
and that in this approximation the simple selection 
rules suggested by Halford? are correct. It was further 
pointed out that, particularly in the case of molecular 
crystals, this state of affairs should be most nearly 
approached at low temperatures. 

“The utility of the crystal in studying molecular 
vibrations arises, as has been pointed out by Halford,? 
from the fact that the crystalline field produces a new 
set of selection rules which are, in general, less strict 
than for the vapor. Some of the previously forbidden 
vibrations may become allowed, but their frequencies 


* The work reported here was supported in part by the ONR 
under Contract N6ori-88, Task 1. 

t Based on a thesis submitted by Robert D. Mair in partial 
fulfillment of the requirements for the degree of Doctor of Phi- 
losophy at Brown University. 

** Present address: Hercules Experiment Station, Hercules 
Powder Company, Wilmington, Delaware. 

'D. F. Hornig, J. Chem. Phys. 16, 1063 (1948). Hereafter 
called I. 

*R. S. Halford, J. Chem. Phys. 14, 8 (1946). 


VOLUME 


The Vibrational Spectra of Molecules and Complex Ions in Crystals. II. Benzene*} 


The infra-red spectrum of crystalline benzene has been studied at —12°C, —65°C and —170°C as well 
as the liquid at 28°C. The lines are extremely sharp, the mean line width for fundamentals being 7 cm™ in 
the crystal. In three cases, it is less than the spectral slit width. All out-of-plane degenerate modes are split 
by about 10 cm. Selection rules are obeyed and agree with the reported x-ray structure. All ungerade 
fundamentals are observed directly, some for the first time. Fifty-two combination bands are observed. 
The frequency assignments of Ingold ef al. are confirmed except for the B2, species. Evidence is cited for 
re-assigning v14 from 1648 cm™ to 1310 cm and »; from 1110 cm™ to 1150 cm™!. Ingold’s isotopic data does 
not conflict with this change. Combination frequencies involving torsional lattice modes are apparently 






DECEMBER, 1949 






17, NUMBER 12 


















will be shifted very little, if at all. In addition, the fact 
that the lines are usually very sharp, particularly at 
low temperatures, may be of considerable importance 
in dealing with a spectrum as complicated as that of 
benzene. The polarization properties of the lines may 
supply further information. 

The determination of the normal vibrations of the 
benzene molecule has been the subject of a long series 
of investigations.* 

The most successful attack has been the compre- 
hensive study by Ingold and co-workers,' utilizing the 
infra-red and Raman spectra of benzene and five 
deutero-benzenes, together with the Redlich-Teller fre- 
quency product rule. Their frequency assignments 
appear to be largely correct. 

Several attempts have been made to calculate the 
benzene frequencies from an assumed potential func 
tion.>-8 In particular, Miller and Crawford have calcu- 

3 See G. Herzberg, Infra-Red and Raman Spectra of Polyatomit 
Molecules (D. Van Nostrand Company, Inc., New York, 1949), 
p. 362. . 

4C. K. Ingold e al., Parts I-VIII, J. Chem. Soc., 912-98 
(1936); Part IX, ibid., 1210 (1936); Part X, ibid., 1728 (1937); 
Parts XI-XXI, ibid., 222-333 (1946). Hereafter designated simply 
by the part number. 

5 E. B. Wilson, Jr., Phys. Rev. 45, 706 (1934). — 

6K. W. F. Kohlrausch, Zeits. f. physik. Chemie 308, 305 (1939) 

7R. C. Lord and D. H. Andrews, J. Phys. Chem. 41, !4 
(1937). ae 

8 W. G. Penney and J. Duchesne, Bull. Soc. Roy. Sci., Liege ll, 
514 (1939). 
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BENZENE CRYSTAL SPECTRA 


lated the frequencies of the out-of-plane vibrations with 
considerable success*® and have recently given a similar 
treatment of the in-plane vibrations.’ 

In the present investigation the spectrum of crystal- 
line benzene has been studied between —12°C and 
-—170°C. The spectrum of the liquid was also studied 
to provide auxiliary information useful in the interpreta- 
tion of the solid spectra, since in the liquid all selection 
rules are relaxed. Halford and Schaeffer" had previously 
obtained the infra-red spectrum of solid benzene in the 
vicinity of its melting point, but with low resolving 
power. It was felt desirable to redetermine this spectrum 
with better resolution, particularly at low temperatures. 
This has been done, revealing a characteristic sharpness 
of bands and a wealth of detail, both of which have 
proved very useful in interpreting the data. The spec- 
trum of the liquid, obtained under the same conditions, 
reveals more structure than was observed either by 
Ingold et al." or by Halford and Schaeffer. It may be 
noted that it agrees in every detail with the spectro- 
gram reported by the U. S. Naval Research Labora- 
tories.’ 

Interpretation of these spectra has yielded informa- 
tion of several sorts. In particular, except for vi, and 745, 
it has confirmed the assignments given by Ingold et al." 
for the nine frequencies forbidden in the spectrum of 
the free molecule. Six of these have been observed di- 
rectly and the others are upheld by combination bands. 


Secondly, it has demonstrated the chief features pre- 
dicted in I for crystalline spectra. Selection rules appear 
to be strictly obeyed, for both internal and lattice 
modes as well as their combinations, and temperature 
effects, such as a general sharpening of lines at low 
temperatures, are plainly shown. 


II. CRYSTALLINE BENZENE 


It was shown in I that the symmetry properties of 
active fundamentals can be completely described by 
the factor group of the space group which is isomorphous 
with the crystallographic point group. It was shown 
further that selection rules could be obtained from the 
local symmetry of the molecule in the crystal, the site 
group of Halford. These same statements are approxi- 
mately correct for combinations and overtones. 

The x-ray structure of benzene has been determined 
most completely by Cox!® who found the space group 
VY, with 4 molecules per unit cell. From the tables 


sins 


t94e A. Miller and B. L. Crawford, Jr., J. Chem, Phys. 14, 282 


tous; L. Crawford, Jr. and F. A. Miller, J. Chem. Phys. 17, 249 
oie S. Halford and O. A. Schaeffer, J. Chem. Phys. 14, 141 
See reference 4, Part IV. 
"A. P. I, Research Project, 44, Spectrogram No. 307, con- 
me the U. S. Naval Research Laboratory, Washing- 
; See reference 4, Part XXI. 
E. G. Cox, Proc. Roy. Soc. 135A, 491 (1932). 
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published by either Niggli'® or Halford,’ the site sym- 
metry of the benzene molecules is then C;. The thirty 
modes of vibration should therefore result in 30 distinct 
frequencies as compared to twenty under De,, although 
the splitting due to removal of the degeneracies may 
not be resolved. The three rotations of the free molecule 
correspond to three torsional oscillations in the crystal 
whereas the three translations remain translations of 
the crystal. 

The fifteen internal modes deriving from the gerade 
representations of Ds, plus the three torsional lattice 
modes belong to the species A, of C;. The fifteen de- 
riving from the ungerade representations of De, belong 
to the species A, of C;. All A, modes are allowed in the 
Raman spectrum and all A, modes are allowed in the 
infra-red spectrum. All combinations are allowed, A,Ay 
and A,A, in the Raman spectrum, and A.A, in the 
infra-red spectrum. It is apparent that in crystalline 
benzene the mutual exclusion rule should apply rigor- 
ously. These selection rules apply without distinction 
to lattice as well as internal modes of vibration. 


III. EXPERIMENTAL METHODS AND TECHNIQUES 


The spectrometer used was a Perkin-Elmer Model 
12B in which the single beam optical system had been 
replaced by a double-beam arrangement. By means of 
rotating sector mirrors, radiation from the source was 
sent into the monochromator alternately over one or the 
other of two optically identical paths. As used here, 
the instrument produced a point-by-point record of the 
transmission of the sample and the blank alternately. 
(These were placed one in each beam.) In addition, 
the instrument recorded the zero or base line after each 
transmission point. This very effectively eliminated 
errors due to drift, which is especially important in low 
temperature work where the base line may drift appre- 
ciably and irregularly. The records were reduced to 
superimposed base line, sample and blank curves by 
drawing smooth envelopes through the three sets of 
points. 

Water and carbon dioxide were effectively eliminated 
by blowing dry nitrogen through the spectrometer 
housing. The strongest water band in the 6y-region 
showed a maximum absorption of less than 30 percent 
and, in fact, only the stronger lines of this band could 
be detected. 

The amount of stray radiation reaching the thermo- 
couple was found to be appreciable only in the region 
near the cut-off of each prism. It was reduced by a 
factor ten by employing a scattering filter of the type 
described by McGovern and Friedel.'” The filter used 
had a transmission of 4 percent at 2u, 45 percent at 4y, 
75 percent at 6u, and 85 percent at 7y. 


16 P, Niggli, Geometrische Kristallographie des Diskontinuums 
(Gebruder Borntraeger, Leipzig, 1919), Table IV, pp. 404-411. 
(19. J J. McGovern and R. A. Friedel, J. Opt. Soc. Am. 37, 660 

947). 
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Fic. la. The infra-red 
spectrum of liquid and 
crystalline benzene between 
5000 cm and 1900 cm™. 
Spectral slit widths used in 
each region are indicated. 
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Fic. 1b. The infra-red 
spectrum of liquid and 
crystalline benzene between 
1900 cm and 650 cm™. 
Spectral slit widths used in 


each region are indicated. 
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The absorption cell was of the transmission type 
similar to that described by Wagner'® and could be 
directly inserted in the beam. It consisted of four main 
parts—the copper cooling block, the coolant reservoir 
to which the block was attached, the enveloping jacket, 
and the sample holder. The cooling block consisted of 
a piece of solid copper through which a rectangular hole 
had been machined. Two annular copper plugs kept 
the sample holder positioned in the block between 
them. One was soldered permanently in the opening 
while the other could be removed to introduce the 


Taste I. The infra-red frequencies of liquid and solid benzene. 











Observed frequencies and intensities De, Cale. freq. 
28°C —12°C —65°C —170°C Assignment species Liq. Solid 
~675 8 685 ¢ 687 687 8 Pu Aou 
; 700 ww 702ww 707 ww 
776 mw ve—v16 Aw 773 759 
‘ 769 
‘ne 769 mw 770 mw 769 vi1+torsional 768 
788 mw lattice modes in 
816 811 
852 m — wate ve v10 Eig 8493 854 
864 
975 975 975 975 vi7 E2 
932” = ggg ™™” =a mu . 
995 ee se ae vsorv Bog, Aig 
-~1013 1010 mw 1010 mw 1009 mw vig Bin 
1038 8 1036 1036 8 1035 v18 Eu 
1109 1109 , 1109 vietrs Ey 1108 1108 
117 = 1117 1120” ‘ 1118 
1150 1147 mw 1147 mw 1147 mw V5 Bou 
1179 8 et Pie te v9 Ex 1178 ... 
1215 ww 1220 ww 1220 ww 3r16 Ao 1215 1215 
1245 
1246 mw 1245 aw 1245 1249 ne+ri0 Eiu 1255 1259 
1260 1255 a 1258 aw 1269 
1265 1267 1269 
1275 1279 1279 
1305 1305 1306 via(C18C512He) Bou 
1310 w 1311 w 1311 w 1312 w vid Bou 
1304ms =: 1401 ms 1402, 1405, «= sts §=— Ew 1400 1400 
~1412 1416 1410 
1470 w 1470 w 1470w ~—vi9(C18C 52H) 
1478 8 1478 8 1478 8 1478 s vig E.u 
1528 ms 1544 1547 1551 vutri0 Ei 1524 1551 
1551 1555 1563 ™* P 
1587 ue dis ne ey veinres.with Hog 1596> ... 
~1605 vitve Em 1597 
1618 mw 1618 mw 1618 mw 1618 mw viotvs Ew 1616 1615 
1647 ? 1644 ww 1644 ww 1645 ww vistve Ew 1644 1642 
1671 mw 1679 1680 1680 vit Ki 1678 1678 
1684 = 1685 =~ 1687 ™"” . 1690 
1713 ww 1715 ww 1714 ww 1714 ww viet Aw 1713 1713 
1754 mw 1754 mw 1754mw 1754 mw vist+ve Eiw 1756 1753 
18158 1825 8 1828 P 1829 ni+r10 Eiw 1824 1829 
+1835 1836 1839 s 1839 
~1850 1841 
1851 





18 EF. L. Wagner, thesis, Brown University, Providence, Rhode 
Island (1948). 
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TABLE I. Continued. 














Observed frequencies and intensities De, Cale. freq. 
28°C —12°C —65°C —170°C Assignment species Lig. Solid 
1877 ww = «1886 ww) =Ss«d1891 ww =: 1893 ww vis+ri0 Aww 1886 1901 
1959 8 19718 1973 , 1974 , rir+vs Eiu 1970 1970 

~1980 1986 1982 
1987 ww nebo Eig 1985 
2003 2008 «= 2012 = Olt {mete = Ame 2001 2011 
2208 mw 2206mw 2210mw 2210mw vistvs Eiu 2216 2210 
2324mw 2322 mw 2323 mw vise Ein 2328 2325 
2347 ww vist+vio Aow 2327 2342 
2381 ww 2380 ww 2382 ww vis-te3 Eiu 2878 2376 
Bee ihee Bee Blew he He Be ae 
2648 ww 2648 ww 2647 ww 2647 ww vigtr9 Eiu 2656 2652 
2815 ww §=2817 ww Ss 2817 ww Ss 2816 ww viotv3 Eiu 2818 2818 
2845 ww ry oer 2862 ww 
2883 w 2884 ww 2884ww 2883 ww 
2903 ww 2907 ww §=—s «2907 ww «= 2907 ww vutvs Ein 2906 2906 
-~2980? ~2990? 3000 w 
3030 ‘ 3039 inet 3030 ne 3030 as = inres.with Eiu 3063 3063 
3080 3087 3086 3085 vistvs Ew 3074 3074 
~3070 ~3070 ~3070 vi3 Biu 
~3140 3150 ww «=. 3160 ww 
3445 ww 3455ww  3450ww 3455 ww viet Am 3452 3455 
3645 mm 3640 - ne 3630 - vol+ve Ex 3642 3642 
3695 3695 esi 3688 Ew 3696 3696 
3940 ww = 3940 ww §=s 3940 ww) Ss 3935 ww votnio Aow 3912 3917 
4050 m 4063 m 4063 m 4057 m _ several possi- 
bilities 
4200 ww 4180 ww 4177 ww 4177 ww vis-te7 Eiu 4197 4187 
~4240 4250 ww 4235 ww bis-+9 Ein 4248 4243 
4350 ww 4360 ww 4360 ww 4355 ww ruate7 Eiy 4357 4352 
~4560 - 4605 m 4605 m 4605 m _ several possi- 
4600 bilities 








4 Observed in Raman spectrum. 

b Calculated from Raman doublet. 
¢ Including resonance with v1+-vs. 
4 Includes resonance with vi9+vs. 


sample holder. A thermocouple junction was soldered 
directly to the side of the block. 

The sample holders were made from single crystal 
sheet silver chloride. This material has been described 
by Kremers.!? Sample holders were constructed by 
placing a mica or silver chloride spacer between two 
rectangles of silver chloride, one 3 mm, the other 0.25 
mm thick. The two pieces of silver chloride were then 
sealed around all sides with an electrically heated 
platinum wire loop, except for a minute opening left 
at one end for introducing the sample. When the 
sample holder had been filled, this opening was also 
sealed. The spacers used were either 50 microns or 250 
microns thick. 

Previous attempts to use potassium bromide wert 
unsuccessful due to air bubbles being drawn in, and 


19H. C. Kremers, J. Opt. Soc. Am. 37, 337 (1947). 
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cracking of the sample holder when it was cooled. In 
the silver chloride sample holders, the 3-mm layer 
provided both rigidity and heat conduction from the 
center of the film. The 0.25-mm layer, on the other 
hand, was flexible and yielded to atmospheric pressure 
when the volume decreased as the benzene solidified. 
This prevented the formation of vacuum pockets within 
the sample and was a major factor in minimizing 
scattering from the film. 

The 0.25-mm silver chloride was found to cause pro- 
nounced interference bands throughout the sodium 
chloride and potassium bromide prism regions. The 
computed spacing of the interference peaks was Av=9.7 
cm~!. The observed value varied from 9.5 to 10 cm™. 
For the thick plate Ayv=0.8 cm™ and the bands could 
not be detected. The interference bands were sup- 
pressed by rolling the silver chloride with a 35-mm 
glass tube on a glass plate so as to form shallow corruga- 
tions on the top surface. Thus a non-uniform thickness 
was obtained while the bottom surface remained essen- 
tially plane. 

The temperatures attained by benzene films in this 
absorption cell were somewhat above those of the 
cooling block. This was demonstrated by embedding a 
thermocouple in a rectangle of 3-mm silver chloride of 
the same size as the sample holder, and measuring its 
temperature while the block was cooled. With the 
cooling block at —15°C, —78°C and —195°C, equi- 
librium temperatures of the silver chloride plate were 
—12°C, —65°C, and —170°C. These probably corre- 
spond quite well to the film temperatures during absorp- 
tion measurements. 

The benzene was purified by the method of Kraus 
and Fuoss.”° It was subjected to four successive frac- 
tional crystallizations, the resulting material freezing 
completely at the constant temperature of 5.51-0.01°C. 
When care was taken to exclude moisture, it solidified 
to an ice-like mass composed of large single crystals. 
The benzene was stored over sodium-lead alloy in an 
all-glass still protected from atmospheric moisture. 

The sample holder was filled by standing it vertically, 
with inlet downward, in a small bulb attached to a 
reservoir of dry, air-free benzene, thoroughly evacuating 
bulb and sample holder, condensing benzene vapor 
from the reservoir until the bottom of the holder was 
immersed in liquid, and then slowly admitting atmos- 
pheric pressure to the bulb. This last step forced liquid 
benzene through the tiny inlet, completely filling the 
space between the silver chloride plates. The sample 
holder was then removed from the bulb and the inlet 
sealed quickly with the hot platinum wire. If any ben- 
zene evaporated during this operation, sc that an air 
bubble appeared in the film, the inlet was reopened and 
the sample holder refilled. 

The behavior on freezing varied somewhat from film 
to film. If the sample holder had not been tightly sealed, 


11935) A. Kraus and R. M. Fuoss, J. Am. Chem. Soc. 55, 21 
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TABLE II. Fundamental benzene frequencies. 








Active in Dex model Inactive in Dea model 





Steater ; Frequencies oo , Frequencies 
and This research Ingold and This research Ingold 
species Liquid Solid et al. species Liquid Solid et al. 
vu(Agw)  675* 687* 671§ vi2(Biu) 1010** 1010* 1010§§ 
ms(Eiu) 1038*  1036*  1037§ vis(Biu) 3071¢  3069f  3060§§ 
vis(Eiw) 1478* 1478* 1485§ viua(Bou) 1310* 1312* 1648§§ 
vo(Eiu) 3063¢ 3063¢ 3073+ vus(Bou) 1150* 1147* 1110§§ 
30808§ 
v1(A1g) 992§ 990Tf 991.6§ vme(E2u) 405** 40s™* 405§§ 
415 
ve(Aig) 30628 3060Tf 3061.9§ m1(Eeu) 975* 975% 9708§ 
987 
ve( E29) 606§ 606** 605.6§ v3(Aog) 1340** 1340** 1326§§ 
vi(E%) 3047§  3040Tt 3046.8§ va( Bag) 703§§ 703** 703§§ 
vs(E29)  15968§ 1596** 15968§ vs(Bag)  995**  995**  985§§ 
ve(Eag) 11788 1174¢¢ 1178.08 
vo(Eig)  849§  854**  848.9§ 
864** 








* Observed, this research. 

** Inferred, this research. 

§ Observed, Ingold et al. 

$§ Inferred, Ingold et al. Many of these values were confirmed by com- 
binations observed here. See Table I. 

+ Assigned from Leberknight (see reference 23). 3073 cm™! value is for 
benzene vapor. 
me , Observed, Sirkar (see reference 21) Epstein and Steiner (see reference 
or if it contained a small air bubble or even a con- 
siderable amount of dissolved air, a cavity formed in 
the middle section of the film on solidification. If cool- 
ing was too rapid the supercooled benzene froze in- 
stantly to a translucent film which scattered incident 
radiation severely. All samples used for absorption 
measurements were observed, however, to crystallize 
slowly over a period of several seconds to a transparent 
continuous film. The 50Qy-thickness, in particular, 
showed only slight visible indications of solidification 
and caused practically no scattering, as the experi- 
mental curves of Section IV indicate. The 250y-films, 
on the other hand, scattered 40 to 50 percent of the 
incident radiation. As would be expected, the scattering 
increased as the temperature was lowered, and was 
slightly less at long than at short wave-lengths. 

It seems possible that essentially non-scattering films 
of any thickness could be obtained by long periods of 
annealing at a temperature close to the melting point. 
For example,ewhen a translucent 250u-film was held at 
a temperature of 3 to 4°C for a period of two hours, 
a transparent spot appeared in the center and gradually 
enlarged toward the edges of the film, while the scatter- 
ing decreased from 90 percent to 50 percent. It was 
observed that while a film was being cooled to low 
temperatures, scattering increased least when the cool- 
ing rate was very slow. 

A careful analysis of errors arising in reading band 
centers, in calibration, in changing prisms and from 
2S. C. Sirkar, Ind. J. Phys. 10, 109 (1936); 10, 189 (1936). 

* H. Epstein and W. Steiner, Nature 133, 910 (1934); Zeits. f. 


physik. Chemie 26B, 131 (1934). 
% C. E. Leberknight, Phys. Rev. 43, 967 (1933). 
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calibration drifts indicates that frequency assignments 
are good to within +10 cm™ at 3u and +0.6 cm™ at 
8u with the calcium fluoride prism, and to within +2.4 
cm at 8u and +0.4 cm™ at 15y with the sodium 
chloride prism. The reproducibility should be somewhat 
better since calibration errors are not involved. 


IV. EXPERIMENTAL RESULTS 


The absorption spectra of liquid benzene at room 
temperature, and of crystalline benzene at —12°C, 
—65°C and —170°C, in the wave-length region from 
2u to 15.6 are presented in Figs. 1a and 1b. No scatter- 
ing corrections have been made on these experimental 
curves, and the noise level has not been smoothed out. 
Table I lists the frequencies of the line centers as well 
as our assignments of the lines. The latter will be dis- 
cussed in Sections VI and VII. 

The data presented have been obtained with a cal- 
cium fluoride and a sodium chloride prism. The spec- 
trum of the 15y-region was obtained as well with a 
potassium bromide prism. Since it was identical with 
that obtained with the sodium chloride prism except 
for the effects of lower resolving power, it has not been 
reproduced here. 

The spectra were obtained for a film thickness of 
approximately 250u over the whole wave-length range, 
and of approximately 50y in the vicinity of intense 
bands. The same thin film was used throughout the 
investigation, while three thick films were necessary. 
The complete solid spectra at —170°C and —65°C, 
and the spectrum from 2u to 8u at —12°C were deter- 
mined from one such film. The remainder of the — 12°C 
spectrum was obtained from another, and the liquid 
spectrum from a third. Although spacers of the same 
thickness were used for all three, it should be borne in 
mind that because of the low dimensional stability of 
the thin silver chloride sheet, the thicknesses of the 
three films were probably only approximately equal. 

During the absorption runs at —65°C and —12°C 
the cell became contaminated with carbon dioxide gas 
and a trace of isopropyl alcohol. This invalidated 
portions of the spectra in the vicinity of 3750 cm™ and 
2350 cm™. These portions were redetermined later on 
the same film used to complete the —12°C spectrum, 
but at this temperature only. . 

Although the sample holders were constructed so as 
to suppress interference effects, series of very weak 
bands, regularly spaced at ~ 10 cm™ apart, which must 
be residual interference bands, still occur throughout 
the spectra. Because of this, little significance can be 
attached to extremely weak bands of about the same 
intensity. 

The spectrum of the liquid indicates that the benzene 
used in this research was of high spectroscopic purity. 
It is identical in every detail with that obtained by the 
U. S. Naval Research Laboratory, Washington, D. C.," 
for a NBS Standard 99,950.02 mole percent specimen 
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except that the spectrum reported here is more com- 
pletely resolved in some regions. 

A striking feature of the solid spectra is the extreme 
sharpness of many of the bands, particularly of those 
assigned to the fundamental frequencies. Excluding the 
band system at about 3060 cm™ which involves two 
fundamentals plus a combination and the 685 cm band 
which is broadened for another reason, the seven re- 
maining fundamentals at 1478, 1312, 1147, 1036, 1010, 
987, and 975 cm™ have half-widths varying from 3.0 to 
11 cm™ with an average of 7 cm. This contrasts with 
widths of 13, 15, and 16 cm™ for the three corresponding 
bands in the liquid spectrum which are not overlapped 
by Raman-active fundamentals. The narrowness of 
these bands may be emphasized by remarking that the 
1312 cm™ band at all three temperatures, and the 1478 
and 1010 cm™ bands at the lowest temperature, are no 
wider than the spectral slit width. Their half-widths 
are 3, 5, and 5.5 cm™, respectively. These are among 
the narrowest infra-red bands ever reported. 

A possible source of error in these measurements is 
the effect of reflection and scattering. They both depend 
upon the refractive index and the extinction coefficient 
at any wave-length. In the vicinity of a strong absorp- 
tion band both quantities vary widely and may give 
rise to spurious peaks or shoulders, particularly on the 
high frequency side of the peak.*4 In the case of benzene 
the possible magnitude of reflection effects is negligible, 
but the presence of considerable scattering makes errors 
from this source possible, particularly in the 250y-films. 
However, the thin film was essentially non-scattering, 
so that such effects should appear much more promi- 
nently in the thick film. Examination of Figs. 1a and 1b 
indicates that there are no significant scattering effects 
in the spectra presented here. 

Comparison of the spectra at room temperature and 
at —12°C reveals all the changes generally observed to 
accompany transition from the liquid to the solid state. 
Most striking is the disappearance of two moderately 
strong bands at 850 cm™ and 1180 cm™ and a weaker 
band at 1585 cm™', as well as components at 995 cm” 
and 1605 cm=. There is also a general pronounced 
sharpening of the remaining bands, disclosing in 4 
number of cases a composite structure. In addition, 
frequency shifts of more than 5 cm™ are observed for 
nine bands, the largest being from 1527 cm™ to 154/ 
cm~, For all but the band at 776 cm=, these shifts are 
to higher frequencies. 

A number of temperature effects are observed within 
the three solid spectra. One such is the improved charac- 
terization of band structure at lower temperatures. 
Single lines are more sharply defined, and the com- 
ponents of composite bands more clearly resolved. In 
fact, the double nature of the strong band at 1975 cm™ 
is revealed only at the lowest temperature. Apparent 


*W. C. Price and K. S. Tetlow, J. Chem. Phys. 16, 1157 
(1948). 
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changes in the integrated intensities of some of the 
strong bands are observed. Those at higher frequencies 
have essentially constant intensities, but the intensities 
of the three strong lower frequency fundamentals at 
1478 cm, 1036 cm™, and 687 cm™ decrease with 
temperature in the respective ratios 100: 82:64, 100:85: 
63, and 100:92:63. The combination band at about 
1400 cm™ maintains a constant intensity, however. 

The band at 1110 cm™ exhibits an unusual effect. 
As the temperature of the film is lowered, the intensity 
of this band increases manyfold. This is accompanied 
by a decrease in intensity of the neighboring band at 
1147 cm, which is identified as one of the B», funda- 
mentals. The behavior appears to be due to an inter- 
esting case of Fermi resonance. It is discussed in 
Section VII. 

Frequency changes are generally slight, being of 
about the order of the reproducibility, although in the 
case, for example, of the band at 1547 cm~, there is 
evidence of a real trend to slightly higher frequencies 
as temperature is decreased. 


V. ASSIGNMENTS 


Our assignments for the fundamental vibration fre- 
quencies are given in Table II, along with those obtained 
by Ingold et al. They have been obtained from a number 
of sources and represent what we believe to be the best 
choices available. Their origin is indicated in the table. 
They are classified according to their De, species, since 
this proves convenient in referring to the work of other 
investigators and in comparison with the free molecule. 
Wilson’s number system! for the benzene fundamentals 
is used. 

These assignments, with but two exceptions, agree 
with those of Ingold e¢ al. to better than 1 percent. 
The other two, vy and 5 of the species Bo,, were 
observed directly in the present investigation and differ 
from their earlier assignments by 20 percent and 3.2 
percent, respectively. Since the evidence for these 
assignments is independent of that of Ingold et al., 
based on the Redlich-Teller product rule, it will be 
discussed in some detail. 


VI. THE ACTIVE Dy, FUNDAMENTALS 
A. The A», and E;,, Fundamentals, v:;, vis and vi9 


Apart from shifts due to change of phase, the fre- 
quencies observed here agree closely with those obtained 
by Ingold et al. There is no indication of splitting of the 
degenerate Ej, mode, 4s, in the solid. The very sharp 
but weak line at 1470 cm, on the shoulder of v1, may 
Possibly result from splitting of v9 along with a crystal 
orientation effect but both the magnitude of the fre- 
quency shift and the intensity suggest strongly that it 
is due to C8C,;”H, which constitutes 6.6 percent of the 
sample. 


B. The £;,, Fundamental, voo 


The best data available for the assignment of this 
mode are the high resolution studies of gaseous, liquid, 
and solid benzene in the 3yu-region made by Leber- 
knight.™ In the vapor he found two strong perpendicular 
bands whose Q-branches lay at 3100 and 3046 cm™ as 
well as a weak maximum at 3074 cm™. In the liquid 
and solid he observed three strong components at 3091, 
3071, and 3036 cm. In both cases the lowest frequency 
was most intense. In addition a weak component ap- 
peared in the solid at 3055 cm™. 

Ingold ef al. interpreted the corresponding doublet in 
their vapor spectrum as due to Fermi resonance between 
veo and vy9+¥vs. This interpretation is probably valid. 
In the vapor three components may result from reso- 
nance between 29, vigt+vs and v39+7;+%, all at about 
the doublet mean of 3073 cm™.7{ In the liquid and 
solid, both strong branches drop by about 10 cm™ and 
the mean is at 3063 cm™. The middle member at 3071 
cm~ in the liquid, and 3069 cm~ in the solid, may be 
assigned to the B,, fundamental, v:3;, which is allowed 
in these spectra. It had been estimated by Ingold et al. 
to lie at 3060 cm™. The bands in Fig. 1a agree with 
Leberknight’s spectra except for the lower resolution. 

The resonating doublet just described appears to 
enter into a combination with the Raman active funda- 
mental vg to produce the doublet observed in both 
liquid and solid at 3645 and 3695 cm. Ingold at- 
tributed this doublet to vop+v—e and v13+ 5, but the 
present explanation seems preferable. 


C. The A;,, E.,, and £,, Fundamentals, 


Viy V29 V6y V7y V8) Voy Vio 


None of these Raman active fundamentals have been 
observed in the solid. On the other hand, v9 and 74 are 
both observed in the liquid, as is the doublet due to 
Fermi resonance between vg and »;+¢ first explained 
by Wilson.” This appearance of Raman frequencies in 
the liquid spectrum and their complete absence from 
the spectrum of the crystal has been pointed out by 
Halford and Schaeffer" as a striking demonstration 
that the selection rules for the crystal are strictly 
obeyed. 

The behavior of the combination bands which involve 
the fundamental »1(£,,) in the infra-red spectrum of 
the crystal is very interesting. They indicate strongly 
that in the solid state this fundamental is split into two 
components, separated by 10 cm™ and whose fre- 
quencies lie about 5 and 15 cm™ higher than those of 
the liquid. For instance, the strong band at 1528 cm™ 
in the liquid can be assigned only to the combination 
Yi1+10. In the solid it becomes a doublet at 1544, 


tt The rather large splitting, 54 cm~!, and the extent to which 
intensity is partitioned suggests a rather close coincidence of 
levels. Since the lower branch is more intense, v2o9 may be slightly 
lower than the assigned frequency. 

% E. B. Wilson, Jr., Phys. Rev. 46, 146 (1934). 
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1551 cm (at —12°C), 1547, 1555 cm™ (at —65°C) 
and 1551, 1563 cm™ (at —170°C). Even with the 
higher v,; value observed in the crystal it is necessary, 
in order to get reasonable agreement between calcu- 
lated and observed values, to split vio and raise the 
frequency of its components. The suggested shift of vio 
is the minimum which can be tolerated. 

The strong band at about 1830 cm™, and the much 
weaker one at about 1250 cm™, both support this 
splitting convincingly. They are due to the combinations 
Virt vio and vy+r10, respectively, involving the pair of 
degenerate E>», fundamentals. The latter plainly exhibits 
four components and the shoulders on the former 
suggest more than two. They require the frequencies 
previously chosen for v1. They will be considered in 
greater detail in the discussion of vi. and 747. 

On the other hand, the evidence from three very 
weak combination bands, all of species Az, is less 
definite. veo+v710, at 3940 cm™, shows only one com- 
ponent, but in this region the resolution was inadequate 
to resolve two components 8 cm™ apart. vi9+vi0 Was 
observed at 2347 cm™ in the solid at — 170°C. It also 
shows but one maximum although, again, the resolution 
may have been inadequate. v1s+ 710 is observed in both 
liquid and solid, and although structure appears to be 
exhibited at —170°C, the band is too weak to reach 
definite conclusions. 

The conclusions reached about the behavior of v1 in 
the crystal await direct confirmation in the Raman 
spectrum. That some splitting and frequency shift 
takes place seems inescapable. 


VII. INACTIVE FUNDAMENTALS 
A. The E,,, Fundamentals, v,. and v17 


The value of about 405 cm™ for vi in the liquid and 
in the vapor is by now firmly established. Although it 
was not found in this research, Plyler*® has recently 
observed it at 403 cm™ in the infra-red spectrum of 
liquid benzene. It has also been obtained from the 
Raman spectrum of the liquid,” from partially deuter- 
ated benzene,‘ from the ultraviolet absorption spec- 
trum?* and from the fluorescence spectrum.”? The last 
two have shown this frequency to be degenerate, and 
since all other degenerate vibrations are known, it is 
positively assigned to the EF», class. 

Ingold’s assignment of 717 to about 970 cm™ was 
based on two independent values of the frequency 
product v16Xv17, together with the frequency of v4. It 
is certainly firm. We have observed 117 directly in both 
the liquid and solid spectra. The 985 cm shoulder 
found by Ingold et al. in the liquid has been resolved 
into two definite lines, one of which, at 975 cm™, can 


26 E. K. Plyler, J. Chem. Phys. 16, 1008 (1948). 

27R. C. Lord and D. H. Andrews, J. Chem. Phys. 41, 149 
(1938). 

28H. Sponer e¢ al., J. Chem. Phys. 7, 207 (1939). 

29 See reference 4, Part XXI. 





R. D. MAIR AND D. F. HORNIG 


only be 17. In the crystal it appears plainly and the 
splitting of this degenerate fundamental is striking, 
a second component appearing at a frequency 12 cm” 
higher. 

The strong combination line, v17+-5 (vs is the non- 
degenerate B,, mode), at about 1970 cm™, mirrors 
almost exactly the behavior of the fundamental. Al.- 
though single in the liquid, the splitting is resolved at 
— 170°C in the crystal, the two peaks being separated 
by 11 cm“. As in the fundamental, the higher frequency 
branch appears less intense. 

The strong combination, »37+710, which we have 
previously mentioned, is also fruitful. Using the ob- 
served v;7-frequencies and the postulated v9-frequencies, 
components are predicted at 1829, 1839, 1841, and 
1851 cm™. The observed structure with sharp peaks at 
1829 and 1839 cm™ and a shoulder at approximately 
1845 cm (— 170°C) agrees well with this prediction. 

Still another weaker combination band, 47+, in- 
volving the other inactive Bz, mode, is split at all three 
temperatures. At — 170°C the splitting is 7 cm—. 

Let us now consider vi. further. Like v7 it is associ- 
ated in three bands with the fundamentals 75, rp, 
and ». The behavior of the two sets is so similar that a 
splitting and upward shift of one branch of ry is 
obvious. The moderately strong combination, r+ 5, 
at 1410 cm" is fully resolved at —170°C and the 
splitting is 10 cm™. As with v7, the high frequency 
branch is definitely the weaker. We must accordingly 
conclude that in the crystal the two components of vx 
lie at 405 and 415 cm“. 

We have previously mentioned the weaker combina- 
tion vi6+ 719. Using the postulated splitting, we predict 
components at 1259, 1269, 1269, and 1279 cm-. In fact, 
all four components are resolved. The resemblance 
between the outlines of this band and the corresponding 
¥17+ V0 is marked, although the resolution is somewhat 
better in this region. 

In the case of the third band, vy+ 4 (species E,,), 
a shoulder is almost resolved at —170°C. It is ata 
frequency 7 cm~ higher than the peak. This band is 
quite unusual in that as the temperature is lowered, its 
intensity shows a remarkable increase, accompanied by 
a decrease in the intensity of the neighboring funda- 
mental, v:5(B2,). This interesting effect, attributed to 
Fermi resonance, is considered further under 75. 

These fundamentals are also observed in the very 
weak combinations vie+ 77, vizt+7, Vietvs and vy7+%- 
None of these are resolved, however. 


B. The B,,, Fundamentals, v,2 and v;; 


The carbon bending frequency, v12, has been firmly 
established at about 1010 cm. It is observed here for 
the first time as a sharp line at 1010 cm~ in the solid 
at all three temperatures. We have assigned the hydro- 
gen stretching frequency, v3, to the middle component 
of the 3.25u-band in Leberknight’s data.*4 In this re- 
search it is present as a shoulder only. 
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C. The A., Fundamental, v; 


Ingold ef al. placed this vibration firmly in the vicinity 
of 1330 cm! by means of the frequency product rule. 
They then assigned it to the extremely weak Raman 
line at 1326 cm™ observed only by Grassmann and 
Weiler.*® In support they cite the Raman frequency 
2925 cm which they ascribe to v3;+ vs, and a “rather 
prominent” infra-red band at 2356 cm“, which they 
assign to v;s+v3. This investigation shows that the 
2356 cm™ band has three components, a prominent 
one at 2323 cm“, a weaker one at 2380 cm™ and a very 
weak third already mentioned in connection with 749. 
The first must involve v5, as will be shown, but the 
second is probably the v:s++v3 combination. Figure la 
also shows a weak but definite band at 2816 cm™ which 
may be attributed to vi9+ 73. 

Both of these infra-red combinations as well as the 
Raman combination cited by Ingold indicate a funda- 
mental frequency of about 1340 cm, and if the 
Raman value for the fundamental proved spurious, 
this higher value would be preferred. 


D. The B,, Fundamentals, v, and v; 


Ingold et al. have placed these two puckering vibra- 
tions in the vicinity of 700 and 990 cm7, respectively, 
using two independent values of the frequency product 
“4X v5. They then assigned vs to a shoulder which they 
had observed in the infra-red spectrum of liquid ben- 
zene. The shoulder observed by Ingold has been re- 
solved into two distinct bands at 975 cm™ and 995 
cm~. The first we have assigned to v7 and the other, 
since it is present in the liquid spectrum alone, must be 
either vs or v;. This value is also obtained from the two 
strong combination bands, vy+v5 and »37+¥5 which 
were discussed previously. These bands might also 
involve v;, but this seems unlikely because of the 
parallelism between them and the combination bands 
involving v4. Moreover, if v; were involved these would 
be the only combination bands observed in which the 
Ds, selection rules were violated. No other combination 
lines involving v; are observed in the infra-red spectrum 
except that v12+ 5, which is predicted at 2005 cm, is 
one of two possibilities for the line observed at 2011 
cm and 13+; is a possible candidate for the band at 
4060 cm=. 

vs has not been observed directly, but Ingold’s value 
of the fundamental frequency is supported by three 
combination bands, v1s+ which is a weak tempera- 
ture-dependent band at 1110 cm™, v17+- which is the 
weak band at 1680 cm and y12+ which is an ex- 
tremely weak but definite band at 1715 cm~. All have 
been discussed previously. On the other hand, it appears 
to us that the Raman line at 2294 cm“ which Ingold 
et al. have used to support this same assignment is in 
fact 2r145. 





*° P. Grassmann and J. Weiler, Zeits. f. Physik 86, 321 (1933). 
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E. The B;, Fundamentals, v,, and v;; 


One of the most striking results of the study of the 
benzene crystal is that it appears likely that the Bo, 
carbon stretching frequency, vu, occurs at 1311 cm™, 
a frequency almost 200 cm lower than the lowest 
value that has been obtained theoretically, and 338 cm 
lower than that obtained by Ingold et al. 

Ingold et al. have pointed out, however, that since 
vis Should have very nearly the same frequency in all 
of the isotopic benzenes, the frequency product ratios 
give practically no information regarding it. On the 
other hand, their deductions regarding the hydrogen 
frequency, v15, are certainly sound. 

Ingold et al. indicated a frequency of 1110 cm™ for 75. 
In the infra-red spectrum of the crystal, where 75 is 
allowed, one is struck by the presence of the weak but 
fairly sharp line at 1147 cm~ at all three temperatures. 
It has no possible interpretation as a combination fre- 
quency, so its assignment to 745 is clearly indicated. In 
the liquid spectrum, it is present as a band just re- 
solved at 1152 cm™ on the shoulder of an adjacent 
moderately strong Raman-active frequency. 

There is strong support for this assignment among the 
combination bands. A weak but sharp line at 1754 cm™ 
in all four spectra can have no interpretation other than 
vist With a calculated value of 1753 cm™. Similarly, 
the fairly prominent band at 2323 cm in both the 
liquid and the crystal must be attributed to v15+ 9. In 
addition, the Raman line at 2294 cm™, already men- 
tioned, agrees well with the interpretation 27; although 
in this case the alternative »4+1¢ is also a possibility. 

It is also satisfying that the Raman line and infra-red 
vapor band used by Ingold ef al. in arriving at the 
1110 cm™ value for v;5 can be simply interpreted. The 
former, at 2128 cm™, fits the combination yy5+ 717 
(calculated 2125 cm). A higher resolution study of 
benzene vapor” has shown that the band observed by 
Ingold at 2288 cm™ has components at 2220 and 2340 
cm-!, the latter having a pronounced shoulder at about 
2400 cm. These all correspond to lines in the liquid 
and solid, spectra; in particular, that at 2340 cm“ 
corresponds to the 2323 cm™ band 715+ 9. It is inter- 
esting to note that the other »;; combination appears 
at 1770 cm™ in this vapor spectrum compared with 
1754 cm™ in the liquid and solid. These data indicate 
that v:5 has a somewhat higher frequency in the vapor, 
tentatively estimated to be about 1160 cm™. 

The band which does in fact occur in the vicinity of 
1110 cm™ (which we have assigned to vy5+-») shows a 
peculiar temperature dependence. As the temperature 
is lowered its intensity shows a manyfold increase, 
accompanied by a steady decrease in the intensity of 745. 
Whereas a variety of factors can explain a decrease in 
intensity in the spectrum of the solid, only one, Fermi 

31 See reference 4, Part XXI. 


#2 A.P.I. Research Project 44, Spectrogram No. 122, contributed 
by the Texas Company, Beacon, New York. 























































































1246 


resonance, can account for such an increase. The differ- 
ence in symmetry species of fundamental and combina- 
tion, Ba, and Ej, offers no fundamental difficulty since 
in the benzene crystal, vibrations, strictly speaking, 
belong only to the two representations, A, and A, of 
the point group C;. On the other hand, it is surprising 
to find appreciable interaction when it is not allowed 
by the gas symmetry. The intensity change may be 
explained in this way if the separation between the two 
levels decreases somewhat as the temperature is lowered 
and intensity is increasingly “borrowed” from the 
fundamental by the combination. In this regard, it is 
noteworthy that the sum of the two intensities is very 
nearly constant. 

In order to preserve Ingold’s frequency products, the 
suggested change in »15 would fix vy in the vicinity of 
1600 cm. Its assignment to the weak but extremely 
sharp line at 1618 cm™ is a possibility since it is gener- 
ally observed that fundamentals are particularly sharp 
in crystalline spectra. Only one line in the entire spec- 
trum is narrower than the 1618 cm™ line. There is, 
however, an alternative assignment to this line, namely, 
the combination 732+ which is allowed in the vapor 
spectrum, and has been observed by Ingold ef al., 
Halford and Schaeffer and others. This would appear to 
make the fundamental assignment unlikely except for a 
discrepancy in the gas spectra in that the spectrum of 
the vapor obtained by the Texas Company® with the 
highest resolution yet used on benzene vapor, and a 
sample of exceptional purity, does not show the 1617 
cm band. In the same spectrum, nevertheless, the 
weak band at 779 cm shows a peak absorption of 
about 15 percent as compared to less than 5 percent 
found by Ingold, et al. It is perhaps revealing that the 
sample pressure used in this instance was 24.1 mm, 
compared to 40 mm employed by Ingold, et al. and 
48 mm by Halford and Schaeffer. This suggests that the 
line in the gas may be due to benzene adsorbed on the 
cell windows so that this assignment for vy is at least 
tenable. However, it has practically no support from 
combination frequencies. The very weak line at 2610 
cm which has already been assigned to »32+-vg might 
be assigned to vy4+ 71, but in that case it would be the 
only combination observed which is not allowed in the 
vapor spectrum. 

However, if this assignment is accepted for vy, there 
is no reasonable assignment for the very sharp line 
which appears at 1311 cm™. Its extreme sharpness 
suggests that it may be a fundamental. It fits the for- 
bidden combination »4+-(E;,) very well, but if it were 
indeed this forbidden transition it would be the more 
surprising since not only would it be the only such case 
observed but, in fact, the only combination observed 
which is not allowed in the vapor. We suggest that it 
is the fundamental, v4. 

A variety of evidence supports this assignment. 
Ingold, et al. have observed Raman lines which they 
consider of anomalous intensity for combination fre- 
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quencies at 2618 cm™ in CsHe, 2590 cm™ in CsH;D, 
2583 cm™ in 1,4-CsH,D2 and 2571 cm™ in CsDs. They 
have also found a weak Raman line at 2581 cm™ in 
1,2,4,5-CsH2D,.* 

It seems likely that these are all first overtones of 
via (and vy-like vibrations of the less symmetrical 
benzenes). They also observe a Raman fundamental at 
1292 cm™ in CsH;D which they assign to the B, species 
of C2,. This species includes Bz, of Dex. Similarly, their 
infra-red curves for CsHsD show a shoulder at about 
1295 cm—. 

Using these frequencies we can recalculate some of 
the product ratios used by Ingold. For example, using 
one-half the Raman frequencies for vy in the isotopic 
benzenes we obtain: 


[]Bo.(CsHs) 13101150 
[[Bau(CeDo) i 1285 X 825 

= 1.421 (harmonic value 1.414). 
[[Bou.:E£i.(CsHs) 1310 1150X 1037 X 1478 X 3080 
[[B;..(1,4-CsHD2) y 1292 1106 814 1413 3079 


= 1.405 (harmonic value 1.396). 








We have used Ingold’s frequencies in these products 
except for vy, and 75. It is apparent that the agreement 
is good. This is not surprising since the ratios are almost 
independent of the choice of vy, although it is interesting 
that the new choice of v4 apparently compensates the 
shift in v1; adequately. 

The strongest support in our own data lies in the 
sharp but extremely weak peak at 1305 cm™ which can 
be ascribed to the vy-like vibration of C’Cs"Hg. vy is 
one of the three fundamentals in these spectra in which 
this isotope shift might be observed and the shift is 
just that expected. The combination band at 2907 cm", 
to which no other binary combination can be assigned, 
may result from vy+vs (calculated, 2908). Finally, the 
line at 4355 cm™ can be assigned to vy4+7 (calculated 
4359 cm7') and in this case, too, no other binary com- 
bination will fit. This assignment obviously demands 
further examination, but the evidence for 1310 cm“ 
seems stronger than for any frequency previously 
proposed. 


VIII. COMBINATION BANDS 


Most of the bands arising from binary combinations 
have been discussed in preceding sections. Details of 
others are given in Table I. A number, however, deserve 
further consideration. 

The sharp band appearing in the liquid at 776 cm™ 
and present as an apparently real component of the 
vapor spectrum at 779 cm~ has been attributed by 
Ingold et al. to the difference band vy— v5 (Au, calcu- 
lated 773 cm™). The corresponding band system appear- 


33 Personal communication. 
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BENZENE CRYSTAL SPECTRA 


ing in the solid cannot possibly be explained by the 
difference frequency alone. The intensities of the differ- 
ence band at —12°C, —65°C, and —170°C would have 
to be in the ratio 100:57:3 while the bands in Fig. 1b 
show little, if any, total intensity change. It should be 
noted, however, that the shape of the band does change 
markedly with temperature. Another explanation for 
this absorption region may be suggested in the case of 
the crystal, namely, a combination between »; and 
certain torsional lattice modes which have been ob- 
served in the Raman spectrum of solid benzene.” * If 
the vy—ve assignment is valid for liquid and vapor, 
the solid band must result from a superposition of the 
two effects. 

If the vy—v6 assignment is correct for this reason- 
ably strong band, it seems surprising that the corre- 
sponding summation band does not appear at all at 
about 1583 cm™. There is certainly no trace of it in 
the solid spectra. The validity of this assignment could 
readily be tested by measuring the temperature de- 
pendence of its intensity in the liquid. The expected 
intensity increases by 51.2 percent in going from 6°C 
to 75°C. 

Several lines can be interpreted only as ternary 
combinations. Such possible combinations are very 
numerous and may be responsible for some of the very 
weak bands which we have assigned otherwise. Because 
of the large number of possibilities no assignment has 
been attempted for these lines. 

Gross and Vuks* and Sirkar” have investigated the 
Raman spectrum of crystalline benzene in the vicinity 
of the exciting line. The former, using single crystals of 
unspecified orientation, found intense Raman lines at 
63 and 108 cm when the specimen was at 2°C to 3°C. 
The latter, using translucent, multicrystalline masses, 
found three intense lines at 81, 98, and 124 cm™ with 
the specimen at liquid air temperature. He also found 
that the frequencies are strongly temperature de- 
pendent. 

According to I, three lattice modes of the crystal, 
corresponding to in-phase libration of all benzene 
molecules about the three Cartesian axes, may be 
active in the Raman spectrum. It seems likely that the 
observed frequencies are those modes.** In that case it 
is possible that Gross and Vuks failed to observe the 
third component because of the orientation of their 
crystal. These modes may combine with any infra-red 
active modes. If we assign the three observed com- 
ponents at —170°C, as combinations with v1, the 
lattice frequencies are approximately 82 cm™, 101 cm 
and 128 cm~. The agreement with the Raman data 
taken at the same temperature is surprisingly good. 

*E. Gross and M. Vuks, Nature 135, 100 (1935); J. de phys. 


et rad., series 7, 7, 113 (1936). 
* A. Kastler and A. Rousset, Phys. Rev. 71, 455 (1947). 
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At the two higher temperatures, it appears that, in 
accordance with the Raman data, the lattice frequencies 
become lower. The simultaneous increase in the in- 
tensity of the superimposed difference band makes a 
detailed analysis impossible. That », couples with 
lattice modes is made more probable by the fact, also, 
that the line width is more than twice as great as for 
any other fundamental. Furthermore, the line is not 
symmetrical and it appears to have considerable 
structure. 


IX. ORIENTATION EFFECTS 


It is possible to obtain still further information by 
considering the effect of crystal orientation in unpolar- 
ized light, or better, in polarized light. According to 
the x-ray structure of Cox,” the plane of the benzene 
molecule is approximately parallel to the b-axis of the 
crystal and approximately bisects the angle between 
the a and ¢ axes. The three axes are all orthogonal and 
the a and c axes are nearly equal. 

On this basis we can predict that the dipole moment 
vector of all out-of-plane vibrations (A >, and E2, modes) 
will lie in the ac plane. Hence they should be observed 
with infra-red radiation polarized in the ac plane but 
not if the electric vector is parallel to the b-axis of the 
crystal. In the case of unpolarized light no orientation 
effects may be expected. 

In the case of non-degenerate in-plane modes (By, and 
Bx, modes), we can only say that the dipole moment 
change lies in a plane containing the b-axis. Using light 
polarized perpendicular to and along the b-axis would 
allow the determination of the direction of the dipole 
moment change when these modes are made allowed in 
the crystal. 

In the case of the Z;, modes, which may be split by 
the crystalline field, we expect that one of the com- 
ponents will be polarized along the b-axis and one per- 
pendicular to it. Hence they can be plainly distinguished 
in polarized light. Further than that, one of the com- 
ponents should not be observed in unpolarized light 
directed along the b-axis of the crystal. This last is the 
only such effect we might have observed. Except for 719 
we found no indication of splitting of these modes, and 
in the case of vi9 the sharp peak on its low frequency 
side appears to be due to isotopic carbon. The absence 
of any observable splitting of these modes leads to two 
possible conclusions: either the films were highly ori- 
ented with the b-axis perpendicular to the surface and 
one component was completely suppressed, or the 
splitting of the Z;, modes does not exceed 2 or 3 cm—. 
The same reasoning applies to E;, combinations in- 
volving the Raman active E,, fundamentals. Since no 
splitting of any of these lines was observed, we are left 
with the same alternative conclusions. 
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Explicit formulas and numerical tables for the overlap integral 
S between AO’s (atomic orbitals) of two overlapping atoms @ and 
b are given. These cover all the most important combinations of 
AO pairs involving ns, npo, and npr AO’s. They are based on 
approximate AO’s of the Slater type, each containing two param- 
eters u [equal to Z/(n—6) ], and n—6, where n—86 is an effective 
principal quantum number. The S formulas are given as functions 
of two parameters p and ¢, where p=}(ua+m»)R/an, R being the 
interatomic distance, and ¢=(ua—ps)/(ua-t+ms). Master tables of 
computed values of S are given over wide ranges of p and ¢ 
values corresponding to actual molecules, and also including the 
case p=0 (intra-atomic overlap integrals). In addition, tables of 
computed S values are given for several cases involving 2-quantum 
Ss, p hybrid AO’s. 
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Hybrid S values for any desired type of hybrid can be obtained 
very easily from the tables as simple linear combinations of non- 
hybrid S values. It is shown how S values corresponding to 
orthogonalized Slater AO’s and approximate S values for SCF 
(self-consistent-field) AO’s can also be obtained as linear combi- 
nations of the Slater-AO S values. S values for carbon-carbon 
2po- and 2px-bonds using SCF carbon AO’s have been computed 
(see Table in Section Vb); they correspond to stronger overlap 
than for Slater AO’s. Non-localized MO group-orbital S values 
are also discussed, and are illustrated by an application to H,0. 
The use of the tables to obtain dipole moments for electronic 
transitions in certain cases is also mentioned. The use of the 
tables to obtain S values for various specific atom-pairs and 
bond-types, and resulting conclusions, will be discussed in another 


paper. 






















I, INTRODUCTION 


S is well known, the quantity known as the overlap 

integral is of considerable importance in the 
theory of molecular structure. Although the existing 
literature! contains a number of formulas and some 
numerical values for overlap integrals, it was thought 
worth while to carry through the much more systematic 
and comprehensive study whose results are presented 


below. 
The overlap integral S for a pair of overlapping AO’s 
(atomic orbitals) x. and xz of a pair of atoms a and b 


* This work was assisted by the ONR under Task Order IX 
of Contract N6ori-20 with the University of Chicago. 

+ Present address: Physics Department, Purdue University, 
Lafayette, Indiana. 

tt The work was begun before the war with computations on 
a considerable variety of individual atom-pairs (see abstract by 
R. S. Mulliken and C. A. Rieke, Rev. Mod. Phys. 14, 259 (1942)). 
Recently, with the indispensable assistance of Mr. Tracy J. 
Kinyon in making the numerical computations, it was extended 
to the comprehensive effort reported here. 

1 (a) W. Heitler and F. London, Zeits. f. Physik 44, 455 (1927), 
for homopolar S(1s, 1s); (b) J. H. Bartlett, Jr., Phys. Rev. 37, 
507 (1931), for homopolar S(2pc,2pc) and S(2pm, 2pm) and a 
table of values of the integrals A (see Eq. (15) below); (c) J. H. 
Bartlett, Jr. and W. H. Furry, Phys. Rev. 38, 1615 (1931); 39 
210 (1932), especially table of values of homopolar S(2s, 2s), 
S(2s, 2p0), S(2po, 2pc), S(2pr, 2pm): Table VII, p. 222; (d) 
N. Rosen, Phys. Rev. 38, 255 (1931) for formulas and extensive 
tables of values of the integrals A and B (see Eqs. (15), (16) 
below); (e) Kotani, Amemiya, and Simose, Proc. Phys. Math. 
Soc. Japan 20, 1 (1938); 22, 1 (1940). These authors give equa- 
tions for S for all AO combinations with n=1 and 2, and (1940, 
p. 13) numerical tables for S(1s, 2s) and S(1s, 2p0) for various ¢ 
values. They also (1938, pp. 24-30, corrections 1940, pp. 17-18) 
give’ very complete and useful numerical tables for the integrals 
A and B. (f) C. A. Coulson, Proc. Camb. Phil. Soc. 38, 210 (1941). 
Coulson gives very extensive formulas but no numerical tables, 
for integrals which differ from S only by multiplicative factors. 
These correspond to S for all combinations of ns, npo, and npr 
AO’s with n=1—3 (and a few more), both for #40 (in our nota- 
tion) and for #=0. (g) Several of the S formulas and a few nu- 
merical values are also given elsewhere. 
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is defined for any value of the internuclear distance R by 






S(Xa, xb; R)= J xetrode. (1) 





In the present paper we give formulas for S for all 
AO pairs involving ns, npo, and npr AOQ’s for n= 1, 2,3, 
and 5 using Slater AO’s. We also give numerical tables 
for the most important of these cases, applicable to a 
wide variety of afom pairs over a wide range of R. In 
addition, we show how the tables, though based on 
Slater AO’s, may be used to obtain S values for central- 
field AO’s, as well as for hybrid AO’s. Explicit tables 
of hybrid S values are also given for n=2. 

In a subsequent paper, tables and figures for a variety 
of selected atom-pairs will be presented, together with 
some comments on their significance for the theory of 
chemical binding. 


II. THE CHOICE OF ATOMIC ORBITAL FORMS 


In order to evaluate overlap integrals, it is necessary 
first to specify the forms of the AO’s. As a background, 
and also to obtain certain needed formulas, we first give 
a brief review of useful approximate AO forms. We are 
primarily concerned with central-field orbitals, classified 
under the familiar designations ns, np, nd, nf, °”’ 
corresponding to /=0, 1, 2, 3, ---, with #2Z/+1. 
However, since the application of our computations i 
to atom-pairs in which each atom is under the influence 
of the cylindrically-symmetrical field of its partner, we 
need a sub-classification according to values of the 
diatomic quantum number A (A= ||). This gives the 
AO types ns, npo, nde, ---(A=0); npr, ndx, «+ - (A=1); 
and so on. 

Let us consider an electron belonging to either of 3 
pair of atoms a and 3, using spherical polar coordinates 
about either center, as in Fig. 1. Intentionally, we takt 
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the positive direction of the z axis for each atom to be 
directed toward the other atom, since this ensures a 
positive sign for S in all ordinary cases. Every central- 
field AO of atom a is of the form 


Xa" = Rni(7a) Vi, x(8a; $). (2) 


In normalized form, the Y’s for the cases considered in 
this paper are: 


Vns=(1/4r)!; | 
V npo = (3/42)! cos6a; 


(3) 
V npr= (3/41)! sinOa{ cos or — 


Corresponding expressions hold for atom 6. 
When there is only one electron (hydrogenic AO’s), 
R,, takes the well-known form 


n—1 
Rul?) = (= cart Je-#rnn, (4) 


k=l 


where Z is the nuclear charge, and ay (0.529A) is the 
1-quantum Bohr radius. The coefficients in Eq. (4) are 
those of the associated Laguerre polynomials, and the 
R,.’s for each / form an orthogonal set. 

When there is more than one electron, the best R,.’s 
are of the SCF (self-consistent-field) type obtainable by 
the method of Hartree and Fock. These are not given 
by analytical expressions, and are usually presented in 
the form of numerical tables. Moreover, these SCF R,,’s 
as tabulated are not always all orthogonal; however, 
it is always possible to find an equivalent set of equally 
good SCF R,,’s which are orthogonal.’ For practical 
computations, as Slater has shown,’ the SCF R,,’s may 
be approximated passably well by a finite series similar 
to that of Eq. (4) but with a different exponential 
factor in each term: 


n—1l 


Ril’) = > dyke Her lay (5) 


k=l 


where the d,’s and y,;’s depend on 2, /, and on the 
particular atom and electronic state. A considerably 
better series is obtained if the exponential factor in the 
term for which k=n—1 is replaced by a sum of two or 
three exponential terms, as follows: 


n—2 
Rnilr) — >. dyrke—¥*?/ 4H + pl) dje-*i7/eH, (6) 
k=l v 


(#n—1) 


For atoms containing 1s, 2s, and 2 electrons, the 
best approximate Rn,’s of the type of Eq. (5), so far as 
we know, are those obtained by Morse, Young, and 
Haurwitz, and Duncanson and Coulson.‘ These were 





*See, e.g., C. C. J. Roothaan, forthcoming paper. 

*J. C. Slater, Phys. Rev. 42, 33 (1932). 

*(a) Morse, Young, and Haurwitz, Phys. Rev. 48, 948 (1935); 
(b) extended and partially corrected by W. E. Duncanson and 
C. A. Coulson, Proc. Roy. Soc. Edinburgh 62A, 37 (1944). 


OVERLAP INTEGRALS 


Fic. 1. Polar coordinates for 
an electron at P in an AO of 
atom a or b. In addition (not 
shown), ¢=¢a=@b. 





obtained for several states of several atoms by mini- 
mizing the total energy of a complete antisymmetrized 
wave function built of AO’s having R,.’s of the type 
given by Eq. (5), subject also to the condition that the 
2s AO is kept orthogonal to the 1s. These AO’s were 
also chosen in such a way that the virial theorem for 
the mean total kinetic and potential energies is satisfied. 

The well-known Slater AO’s® are obtained by ap- 
proximating the series of Eq. (5) by the single term 
Nur" e"*h ~(or by a _ modification of this, 
Nn” en), The values of u and 6 are specified by 
Slater for any AO of any atom by a simple recipe. This 
gives y-values surprisingly close,* for 2-quantum AO’s, 
to those obtained for the r"~! term by minimizing the 
total energy. Unlike most of the forms, given by Eqs. 
(2)-(5), Slater’s AO’s have no radial nodes. This, 
however, does not much impair their ability to represent 
the outer parts of AO’s, hence they should be especially 
useful for the computation of overlap integrals. Fol- 
lowing is a summary of Slater’s recipe as applied to s 
and p AO’s in normalized form: 


Rul) =Nuur™4e-#o 
5=0 for n=1 to 3; 0.3 for 4s, 4p; 
1 for 5s, 5p; 

Mns=Mnp= Za, n/(n—§4), 


4] 
1/N,7= f p2n—2be—-2unrlondy, 


0 a 





with Z values dependent on the atom a and on n. For 
convenience of later reference, Slater u-values for the 
valence-shell ns and np AO’s of several atoms and ions 
are given in Table I. Inner-electron AO’s if present are 
assigned larger Z values.’ 

As a consequence of their nodeless character, Slater 
AO’s of equal / and different » (e.g., 1s and 2s) are very 
far from being orthogonal, but they can easily be 
orthogonalized if desired. This process restores the 
missing nodes, giving AO’s of the form of Eq. (5), and 
surprisingly close to the best possible of this form.® As 
an example, if x1, and x2, refer to Slater AO’s, and x2,°" 


5 J. C. Slater, Phys. Rev. 36, 57 (1930); C. Zener, Phys. Rev. 
36, 51 (1930). 

6W. E. Moffitt and C. A. Coulson, Phil. Mag. [7], 38, 634 
(1937). These authors also give instructive contour diagrams of 
carbon atom 2te, 2ir, and 2di hybrid AO’s, using orthogonalized 
Slater 2s AO’s, 
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Taste I. Slater y-values* for valence-shell ms, np AO’s. overlap or non-orthogonality integral, are indicated by 


the following examples. Simplified symbols can be used 








































































H 100 C- 145 O- 2.10 Na 0.733 S 1817 j atc 
Li 065 C, 1625 0, 2275 Mg 095 Cl 2038 nape eeare. ne 
Be 0.975 Ct 1.80 O* 2.45 Al 1.167 Br 2.054 : . ) 
B- 1128 N 195 F 260 Si 1383 I. 190  (@) Atom-pair at any distance R: fro 
B 1.30 Nt 2.125 P 1.60 general AO’s and atoms: S(nax, nsy; R) exa 
specific AO’s, general atoms: (a) 
sue — AO’s, »=Z—0.3 in all cases, where Z is the actual S(150, 2por; R) or S(1s, 2 pe; R) 
specific AO’s and atoms: 
refers to the orthogonalized Slater 2s AO, we have SQ2pme, 3pmsis 175A) (10) for: 
(b) Atom-pair involved in specified bond at|*” 
X20"? = (x22—Ox1s)/(1—@)! equilibrium distance: (b) 
(8) S(2s, 2p0; C=C); S(2le, 3p0; C—Cl); 
™ i ) S(is, 2s; H—Li); S(2px, 27, OT=C) 
Q=S(15, 25.) = f XaeeXt0dA 7. (c) Single atom a (internal overlap integral) : 
, , S(15sa, 25,). T 
Although Q is often fairly large (for example, 0.220 if par 


atom a is carbon), the process of orthogonalization has In the atom-pair symbols above, it is intended to be assi 
little effect on the computed values of overlap integrals understood that the first AO symbol always goes with the F any 


(see Section V). first atom, the second with the second. However, it is not and 
In addition to overlap integrals for pure central-field essential here to follow any fixed rule as to which AQ and 
AO’s, those for hybrid AO’s are obviously of great (or atom) symbol shall be written first. Nevertheless, ven 


interest for molecular problems. Hybrid AO’s, although in another type of notation which will be required (nec 
they can be constructed as linear combinations of below, it does become essential to adopt certain fixed F pap 
central-field AO’s, are not themselves central-field AO’s. conventions in this matter, and it will diminish the (1 
Hybrid overlap integrals can be obtained as simple possibilities of error if we follow the same conventions F wig, 
linear combinations of Slater-AO S’s (see Section V), also in using the types of notation given above. These § gig» 
so that no laborious new computations are required. conventions are: the AO of smaller 7 is to be written syml 
For purposes of computing S’s, approximate hybrid first, or if both m’s are equal, the AO belonging to the brief 
AO’s built from Slater AO’s without orthogonalization atom of larger Z is to be written first. These rules J 5(3, 
should according to our previous reasoning give satis- were followed in the examples given above. S(24 
factory results. We turn now to the matter of coordinates and S(2s 
The hybrid AO’s which can be formed from s and p parameters to be used in the evaluation of the S’s. The F sym 
AO’s are all of o-type, that is, have cylindrical sym- computation is best effected after transforming from Ff  yseq 
metry. Let x be a normalized hybrid « AO of the form polar coordinates of the two atoms (see Fig. 1) tf be n 
ee ae 0) spheroidal coordinates £, n, ¢ given by: uneq 


— . —_ — : _ = a 
where 0Sa<1, and xns and xXnpo are as defined by B= (rot re)/R; a= (re—re)/R; O=de= do. (Il 
Eqs. (2)-(3) and Fig. 1, with R,: given by Eqs. (7) for The coordinate ¢ ranges from 1 to ©, 7 from —1 to +1. 
the case of hybrid Slater AO’s. In the following, the For any given AO pair, we shall wish to obtain J 
abbreviations ¢e, ir, and di (tetrahedral, trigonal, and values for various pairs of atoms, each for various 
digonal) will be used for hybrids with a?=}, 3, and 3 interatomic distances R. To accomplish this, the bes 
respectively and with the plus sign in Eq. (9). A procedure is first to set up for each AO pair a single i 
further, complementary, set of hybrid AO’s fe’, ér’, and master formula expressed in terms of suitable param 
di’ is obtained by using the minus sign in Eq. (9). eters depending on the w’s of the two AO’s and on f, 





The hybrids te, ir, di of an atom give large overlap and from this to compute and tabulate numerical S 
(large S) with corresponding or similar AO’s of asecond values of S as a function of the chosen parameters. 
atom, while fe’, tr’, and di’ give small overlap. For this purpose, the two parameters p and ¢ defined 
as follows are found to be appropriate for the case 0! 5 
Ill. NOMENCLATURE AND PARAMETERS FOR Slater AO’s (see Eqs. (7) and Table I). S( 


OVERLAP INTEGRALS : 

In discussing and tabulating overlap integrals, a Ps agate d Pe ) (12 
careful choice of nomenclature will prove to be impor- ee eae ee ee Sin 
tant. In order to characterize an overlap integral fully, To find S for a given Slater-AO pair, atom pair and # —— 
we need to specify (a) the two AO’s involved; (b) the value, one then first computes # and ¢ for the particular Wi 
two atoms involved, and which AO belongs to each case, then looks up the value of S in the master table pie 
atom; (c) the value of R. Two suitable types of general for the given AO pair. Methods of obtaining S valu > mere! 


symbols for this purpose, also a symbol for an internal for other types of AO’s will be described in Section J. the cor 
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OVERLAP 


Since in connection with the master tables we replace 
atom designations by parameters p and /, it is now 
necessary to introduce a type of S symbol different 
from those given in (10), and indicated by the following 
examples: 


(a) Atom pair characterized by parameters #, ¢: ) 
, General form: S(iax, ney; p, t); 
Specific form: S(2sa, 3pon; p, t), 
or more briefly, but with the same meaning, 
S(2s, 3po; p, t). | 
(b) Single atom (internal overlap integral) : 
General form: S(4%, tay) 
Specific form: S(1s, 2s; O, 2). J 


The signs of the coordinate 7 in Eqs. (11) and of the 
parameter ¢ in Eqs. (12) obviously depend on the 
assignment of the labels a and 6 to the two atoms in 
any atom pair. In order to make the master formulas 
and tables unambiguous with respect to the signs of 7 
and /, it is therefore necessary to adopt suitable con- 
ventions to fix this assignment. The following two 
(necessarily arbitrary) conventions will be used in this 
paper: 

(1) In case the two AO’s have unequal n, the atom 
whose AO has smaller n will always be identified with 
atom a, and its AO will always be writien first in the 
symbol for S, for example S(2sq, 3po.; p, 4) or more 
briefly S(2s, 3p0; p, t); but never S(3poa, 25y; p, t) or 
S(3po, 2s; p, 1). As another example, we may write 
S(2p0, 3s), but never S(3s, 2p0). Further examples are 
5(2s, 3s) and S(2po,3pc). In general formulations, 
symbols such as S(maS, po) or S(napo, ns) will be 
used, always with the implication that ma<m. It will 
be noticed that for the present case of two AO’s with 
unequal m, both positive and negative ¢ values are 





oe) 1 
S(mas, MoS; p, t)=2NaNo(gR)™—rm f f (E+-9)™(E— 9) ™"(P— 9? )ePE dndé, 
1 —1 
* 1 
S(nas, nope; p, t)=(3V3)NaNo(R)mre f f (Et)™—(E—9)™*(— Eg + 1)(P— 9?) et 9 dnd é, 
1 —1 
oa) 1 
S(napo, nos; p, t)= (3V3)NaNo(2R)tmett J f (E-9)™*(E— 9) ™"'(— En— 1) (P — oe dndé, 
1 —1 
cd 1 
S(napa, nop; p, t)=(3/2)NaNo(3R)mtre*# f f (E+9)=*(E— 9) (Hy? — 1) (— 9?) PM dnd, 
1 —1 


co) 1 
S(napr, nopm; p, t)=(3/4)NaNo(2R)metmtt f } (E+)"=*(E—9)™™*(P— 1) (1 — 9°) (P— oe dnd é. 
1 -1 
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possible, depending on the sign of ua—». For example 
(see Table I), 


U2por, 38mg) = (2.60—0.95) /(2.60+-0.95) > 0, 
but 
t(2pope, 35p) = (1.30—1.60)/(1.30+ 1.60) <0. 


Also, but only by accident, ‘=0 is possible. The relative 
practical importance of the positive and negative ranges 
of t varies according to what AO pair-type one considers. 

(2) In case the two AO’s have equal n, the atom with 
larger p will always be identified with atom a, and its AO 
will always be written first in the symbol for S; if the y’s 
are equal, either atom may be called a. For example, 
S(nSa, npo») or briefly S(ns, npo) ; S(npoa, ns») or briefly 
S(npo, ns); and S(2pmra, 2pm») or briefly S(2pm, 2pm), 
all imply Z,2Z». Hence, according to Eqs. (12), con- 
vention (2) here restricts ¢ to the range (20. The 
integrals S(nsq, npov) and S(npoa, ns»)—see Eqs. (14) 
below, taking mz=m,—require a little special comment 
because of their somewhat confusing similarity.” For 
t>0, the two integrals are different and have different 
values, but for ‘=0 they become identical. For instance, 
S(2poo0, 2sc) and S(2s0, 2p0c), which are examples of 
the two cases written in accordance with convention (2), 
have different values; but S(2pac, 2sc) and S(2sc, 2pac) 
are identical. 


IV. MASTER FORMULAS AND COMPUTATION 
METHODS FOR MASTER TABLES OF 
SLATER-AO OVERLAP INTEGRALS 

With the foregoing conventions, the S master formu- 
las fall into five basic types. Using Eqs. (1)-(3), (7), 
(11)-(12), letting 

m=n—6, 


and integrating over ¢, these five types take the forms: 


- (14) 





é 


* Without convention (2), S(sa, pov) would be defined for positive, zero, and negative values of ¢ (Za>Zs, Za=Z», Za<Zp; 
see Eqs. (12)). The same would be true of S(npoa, ns,). The two integrals would then differ only in the manner in which the labels 
@ and b are associated with the AO forms ms and npo. Now as will be seen from Eqs. (11), (12), an exchange of the labels a and 
b merely changes the definitions of 7 and ¢ in such a way that the positive domains of 7 and ‘t for the one labeling (say 7’, t’) become 
the corresponding negative domains for the other (say 7”, ¢’”). Consequently, if in Eqs. (14) for S(ns, npo) and S(npo, ns) we 


Write y’, ¢’ in the one equation and 7”, ¢” in, the other, and then make the substitution 7’=—7’, ¢’=—?’, the two equations 
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The integrals over ¢ and 7 in Eqs. (14) may be evaluated by making use of the following mathematical relations:! 


Ai(p)= f thevtdt=e- © [h!/po(k—w+ 1)! | (15) 


u=l 


1 
B,(pt)= f ne-P'"dn 
—] 


k+1 


== E CeY/ (owt) I-08 C(— RY PME 





4 


but B,(0)=2/(k+1) for k even; =0 for k odd. The factors N in Eqs. (14) (see N,; in Eqs. (7)) may be evaluated 


by means of: 


C(k, g)= ‘ Medd = k!/gtt, (17) 


The numerical computation of the overlap integrals 
is comparatively simple if the A;’s and B,’s are first 
computed for appropriate values of the parameters p 
and ¢; here the simplest procedure (rather than using 
Eqs. (15), (16) directly) is to obtain the higher k A’s 
and B’s from those with lower k by using certain 
recursion formulas.''° We first note that any particular 
S involves the integral of a polynomial in £ and 7. 
Then it is plain that each value of S is the product of 
a factor times a linear combination of A;,’s and B,’s 
all computed at the same values of p and ¢. 

For the computation of the master tables given below, 
the necessary A;’s and B,’s were first computed® for 
the desired values of » and #, and then combined in 
accordance with the following Eqs. (18)-(50) to give 
the S values. These formulas were obtained by the 
use of Eqs. (15)-(17) in connection with Eqs. (14) and 
(7). It will be noted that a separate formula is given 
in each case for ‘=0, for reasons that will be under- 
stood on looking at Eqs. (16). Certain additional 
special formulas will now be described. 





Although in general the computation of the A’s and 
B’s followed by the use of Eqs. (18)—(50) is the most 
expeditious procedure, an alternative set of formulas 
very considerably simplifies the computation in the 
important special case of two identical atoms (7,.=m», 
t=0), if one is interested only in this case. This case 
includes not only integrals of the type S(nx, nx; p, 0), 
but also such integrals as S(ns, npo;p,0) or 
S(npo, ns; p,0); these are particularly important in 
the computation of hybrid-AO S values (see Section V). 
The simplified formulas were obtained by substituting 
for the A’s in the ¢=0 formulas in Eqs. (18)—(50), using 
Eq. (15). Although we did not use them in computing 
the master tables, they are given below as Eqs. (51)- 
(63) for the convenience of readers who may wish to 
make their own computations for additional p values.’ 

One further set of special formulas is required, for 
the internal overlap integrals S(ax, ney; O, t),—see 
(10) and (13). This type of integral occurs if one 
orthogonalizes Slater AO’s, and also if one wishes to 
compute SCF S’s from Slater S’s (see Section V). The 
necessary formulas are given below as Eqs. (64)-(73). 


MASTER FORMULAS FOR SLATER-AO OVERLAP INTEGRALS 


t=0: 
S(1s, 1s)= (6)—'p°[3A2— Ao | 
t>0: 


S(1s, 1s) = (4) p?(1— 2). A2Bo— AoBe] 


(18) 


become identical except for the sign of ¢ in the exponential, and completely identical for t=0. Hence S(ns,npo) for positive ! 
would be equal to S(npo, ms) for negative ¢, and vice versa, if negative ¢ here were not excluded by convention (2); and for 


t=0, S(ns, npc) =S(npo, ns). 


§ Most of this labor could have been avoided by the use of the A and B tables of references 1d or especially 1e. Actually, how- 
ever, independent computations were made. Afterward, checks were made of some of our A and B values against those in the 


tables of reference le, and excellent agreement was found. 


* Coulson (reference 1f) also gives formulas corresponding to the majority of the S integrals listed here. However, his formulas 
for #0 are in terms of ye, we, and R, in a form not adapted to the present computation and tabulation. His formulas for t=0 


are identical with our Eqs. (51)-(63) except that they are not normalized like ours to give S values directly. 
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ions :! t=0: 
S(1s, 2s) = (12)-(3)49'[343— Ar] (19) 
q (40: 
(15) S(1s, 2s) = (8)—(3)4p*(1+-2)9(1—2)9_A sBp— A2Bi— A1B2+AoBs ] 
t=0: 
S(1s, 2p0) = (12)'p*[342— Ao] 
140: (20) 
(16) S(1s, 2po) = (8)-"p*(1+2)*/2(1 —£)5[— A 3B, +A 2Bo+A1B3— AoB2 ] 
t=0: 
S(1s, 3s)= (60)-(10)4p°5[5.4 .— Ao] (21) 
140: 
a S(1s, 3s) = (24)-1(10)-4p5(1+-2)9/2(1 — 1)". A 4Bo— 2A 3B1 +24 1B3— ABs | 
t=0: 
=(15)- p55 4.— 
17) aan (15)-1(30)4p°[5A3— 241] (22) 
S(1s, 3po) = (8)-1(30)4p5(1+-1)9(1— 2)" A 3(Bo+ Bz) — A1(Bo+ Bs)— By(A2+As)+Bs(Aot+A2) 
— t=0: 
_— a 5s) = (720)-1(35)4p°[15A5+10A;—9A1] (23) 
i S(1s, 5s) = (96)-1(35)-4p°(1+-2)9/2(1 —2)°?[_A 5Bo— 3A4Bi+-2A 3B2+2A2Bs— 3A 1By+ AoBs | 





| the i=0: 
=Nb, 5 = Si 5\-346° 95 4,—64A.— 
iene gs 5 po) = (240)-1(105) 425A 4—642—3Ao | (24) 
P pe S(1s, 5po) = (32)-1(105)*45(1+-2)9(1 = t)9/2[_A a(Bo+ 2B:)+A 1(2B3+ B;)— B,(2A 3+A 5J)— By(Aot+ 2A 2) | 
it in i=0: 
n V). S(2s, 2s) = (360)—'p°[15A4—10A2+3Ao ] . 
ating J />0: (25) 
using S(2s, 2s) = (48)—'!p°(1—)°?A .Bo— 2A 2Bo+ AoBa | 
uting 
(51)- t=0: 
sh to S(2s, 2po) = (60)—(3)*p*[5As— Ai] 
ues.’ 140: (26) 
, for S(2s, 2pa) = (16)-"(3)4p5(1 — #)5CA 3(Bo— Be) +A1(Bi— Be) + Bi(A2— As) +Bs(A2— Ap) ] 
—see S(2po, 2s): same as S(2s, 20) except each B;,(t) replaced by B,(—?) 
one i=0: 
es t “ " 
eg a 3s) = (360)-"(30)4p°[ 154 5—10A5+3A1] (27) 
13). S(2s, 3s) = (48)—(30)-*p8(1+-2)9/7(1 — #)7, A sBo— A4B,— 2A 3Bo+ 2A 2B3+A 1By-— AoBs | 
i‘=0: 
S(2s, 3po) = (360)-1(10) 4° 15A 4— 10A2+3Ap | 28 
10: (28) 
S(2s, 3pc) = (48)-1(10)4p°(1+-2)9(1—2)7?[ — A,B: +A4Bo+2A 3B3— 2A 2Bo— A;Bs+AoBy | 
(18) 
t=0: 
S(2s, 5s) = (10,080)—1(105)4p7[105A s— 35A4—21A24+15A0 | 29 
140: (29) 
~ S(2s, 5s) = (192)—1(105)p7(1+-2)*/2(1 —£)9[_A eBo— 2A 5B1— A4B2+4A 3B3— A2By— 2A 1Bs+ A Be ] 
t=: 
on S(2s, 5po) = (2520)-"(35)4p"[35.As— 28As+ 941] (30) 
t~0: 
nulas S(2s, Spo) = (192)—1(35)—*p7(1+-2)9/2(1— 2)" — AgBi+-As(Bot+ Be)+Aa(2B3— Bi) —2A3(Bo+ Bu) 





t=0 | +A2(2B;— Bs)+A1(Bst+ Be) — ABs ] 
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t=0: 1#0 
S(2pe, 2p0) = (120) p*[5A4—18A2+5Ao | (31) S 
t>0: J 
S(2po, 2po) = (16)-1p5(1— )5/?[ Bo(A 0+ A4)— A2(Bo+ Bs) | 
t=0: i>0 
S(2p0, 3s) = (360)-1(10)4p°[5.A4+6A 9—3A o | ( 32) S 
tX#0: 32 
S(2po, 3s) = (48)—(10)45(1+-2)5/2(1— 2)" A 4(Bo— 2Be)+ A1(2B3— Bs) + Bi(A5— 2A 3)+ Ba(2A2— Ap) | i=0 
S 
t=0: (#0 
S(2po, 3pe) = (120)-(30)4p*[5A 5—18A5+541] (33) S 
t40: 33 
S(2pe, 3po) = (16)-1(30)p*(1 +71)5/(4 —_ t)7/2[_A 2(By+ Bs) — A 3(Bo+ By) —- B3(A ot A s)+B2(A itA 5) | S 
t=: ; t=0: 
S(2po, 5s) = (630)-1(35) 3p" 7A 3— 3A, | (34) S 
10: ’ I>0: 
S(2po, 5s) = (192)-*(35)4p7(1+4)*/(1—2)9?A 6B1+-A5(Bo—3Bz2)+Aa(2B3—3B1)+2A 3(Bot+ Bs) ; cy 
+ Ao(2B;—3Bs5)+A1(Be—3Bs) +A 0Bs | 
f=0: 
t=Q; S 
S(2p0, 5po) = (3360)—1(105)—*p"[35A 6— 105A,4— 15A ot21Ao | ( 35) t>0: 
t40: om Ss 
S(2pe, 5po) = (64)-1(105)p7(1+-2)°7(1 ae t)/2[_A gBe— A 4Bo+ 2. { 3(By+ Bs) one 2B;(A 1tA s+ BA o B;A 2 | 
t=0: 
i=0: S| 
S(3s, 3s) = (25,200)'p7[35.A 6— 35A4+21A2—5Ao | (36) 140: 
t>0: : 5) 
S(3s, 3s) = (1440)-1p7(1— 2)" A ¢By— 3A Bo +34 2Bi— AoBo] 
i=0: t=0: 
S(3s, 3p0) = (12,600)—"(3) 49354 5—14.43+34A)] S( 
<0: 37) t~0: 
S(3s, 3p0) = (480)—1(3)4p7(1— 2)". — A 6B, +A 5(Bo— Bo) + Aa(Bi+2B;) +24 3(Ba— Bo) — Ao(2B3+Bs) - S( 
+A1(Bys— Be) +A Bs | 
S(3po, 3s): same as S(3s, 3pc0) except each B;(t) replaced by B,(—2). [=0: 
i=0: S( 
S(3s, 5s) = (50,400)-1(14) 4°[35.47—35A5+2145—5A1] (38) I>0: 
t~0: = S( 
S(3s, 5s) = (2880)-1(14)-3p8(1+-2)7/(1 sei #)9/2[ A 7Bo- A 6Bi— 3A pBot3A 4B3+ 3A 3B4— 3A 2Bs— A Bet A oB; | {= 0: 
i=0: S( 
S(3s, 5p) = (16,800)1(42)-4p8[35A 5—35A + 21A9—5A0] 39) ‘#0: 
#0: (s S( 
S(3s, 5po) = (960)—1(42)-4p8(14-2)7/2(1 — £)9*[ — A,B, + A 6Bot+3A5B3—3A4B2—3A3B5+-3A2Byt+ A1Br— ABs | 
t=0: 
t=(: S( 
S(3po, 3po) = (25,200)—'p"[35A 6— 147A44+-85A2—21Ap | (40) t>0: 
i>0: : 
= o\7/9 S 
S(3pe, 3pc) = (480)—'p? (1 oa 27/2, A gBo— A 4(Bo+ 2By)+A o(Be+ 2Bz) = A 0B, | ( 
t=Q: 
S(3po, 5s) = (50,400)-!(42)—* p8[35.A 6+49A 4—51A2+-15Ap | 
t#0: (41) 
S(1s, 
S(3po, 5s) = (960)—(42)498(1-+-2)77(1—2)9A7Bi+- A 6(Bo— 2B2)— As(Bs+2B1) +A 4(4Bs— Be) ' 
+-A;(4B;— B;)—A2(2Be+Bs)+A1(By—2Bs)+ A Be | S(2s, 
i=Q: 





S(3p0, 5po) = (50,400)—1(14)4p9[35.A7— 147A 5+85A3—2141] 








(34) 


(35) 


(36) 


(38) 


(39) 


(40) 


(41) 
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140: (42) 
S(3po, 5po) = (960)—(14)-4p8(1+2)7/2(1 — 1)". A7Bo— AgBs— As(Bo+2Bs)+A «(Bi +2Bs) 
+ A;3(2B2+ Bs) — A2(2B3+ Br) — A1Bs+AoBs ] 


i=0: 
S(5s, 5s) = (12,700,800)—p°[ 315As— 420A 6+378A 4— 180A2+-35Ap | (43) 
t>0: 
S(5s, 5s) = (80,640)—'p9(1— 9/27 AsBy—4A 6Bet+6A 4By- 4A 2Be+A oBs | 
t=0: 
S(5s, 5po) = (2,116,800)—1(3)*p°[ 105.A7—63A5+27A3—5A1 | 
tA0: 
5(5s, Spo) = (26,880)-1(3)-2p9(1—2)°°[ — AgB,-+ A7(Bo— Bs)-+-Ao(B1+3B3) +34 5(By— Bs) (44) 
—3A4(B3+Bs)+3A3(Bi— Be) +A2(3Bs+ Bz) +A 1(Bs— Be) — AB; | 
S(Spo, 5s): same as S(5s, 5p0) except each B,(t) replaced by B,(—?). 
t=0: 
S(Spo, 5po) = (4,233,600)-1p°[ 105A s— 504A 6+450A 4— 2244 0+-45Ap | (45) 
{>0: 5 
S(5Spe ’ 5pc) = (26,880)—'p°(1 = 2)92[ AsBo— A 6(Bo+3B,s)+3A 4(Bo+ Bs) —= A 2(Bs+3B,) a A oBs | 
t=0: 
S(2pm, 2pm) = (120) p*[5A4—6A2+Ao ] (46) 
t>0: 
S(2pm, 2pm) = (32)-'p5(1—F)*"A 4(Bo— Bo) + A2(Bs— Bo) +A 0(Bo— By) | 
{=0: 
S(2pm, 3pm) = (120)-1(30)*p*[5A;—6A3+A1 | 
t40: (47) 
S(2pm, 3pm) = (32)-1(30)* p°(1+-2)92(1— 2)" A 5(Bo— Bz) + Aa(Bs— Bi) +A 3(Bi— Bo) + A2(Bi— Bs) 
+A;(B2—Bs)+Ao(Bs— Bs) J 
t=0: 
S(2pm, 5pm) = (3360)-1(105)*p"35.A 6— 35A4—3A2+-3A0 ] 
t40: (48) 
S(2pm, Spr) = (128)-1(105)4p7(1+-2)5/2(1 — 2)9*_A 6( Bo— Be) +-2A5(Bs— By) + Aa(Bo— Bo) 
+ 2A 3(B,— Bs) + A2(Be— By)+ 2A 1(Bs— B3)+Ao(Bi- Bs) | 
t=0: 
S(3pm, 3pm) = (25,200)-"p"[35A 6—49A4+-17A2—3Ao ] (49) 
'>0: 
S(3pr, 3pm) = (960)—'p7(1 _ 2)72, A 6(Bo— B.)+A a(2By— Bo- B.)+A 2(2B.— By- Bs) “+ Ao(Be— By) | 
t=0: 
S(3pm, 5pm) = (50,400)-1(14) #8 354A7—49A5+-17A3—3A1] 
t40: (49a) 
S(3pm, 5pm) = (1920)-1(14)4p8(1+-4)72(1—#)9?A7(Bo— Bz) +A 6(Bs— Bi) +As(2By— Bz— Bo) 
+ A,(Bi:+ B3;—2B;)+A;3(2B2— Ba— Be) + A2(Bs— 2B3+ Bz)+A 1(Be— By) + A o(Bs— Bz) ] 
t=0: 
S(5pm, 5px) = (4,233,600) p"[ 105 As— 168A ¢+90A 4—3242+5Ap | 
'>0: (SO) 
S(Spr, 5pm) _ (53,760) p°(1 = f?)9/2[ As(Bo— B.)+ A 6(3By— 2B.— By)+3A 4(Bo— Bs) 
+ A>o(Bs+2Be—3B,4)+Ao(Be— Bs) | 
SPECIAL FORMULAS FOR SLATER-AO OVERLAP INTEGRALS FOR t=0 
S(1s, 1s)=e*[1+p+ (1/3)p7] (51) 
S(2s, 2s) = e*[1+- p+ (4/9) p+ (1/9) p°+ (1/45) p*] (52) 


5(3s, 3s) = e?[1-+-p+ (7/15) p°+ (2/15) p+ (2/75) p*+ (1/225) p°+ (1/1575) p°] 
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S(Ss, 5s) =e-*[1-+ p+ (10/21) p2+ (1/7)p°+ (16/525) p+ (8/1575) p*-+ (8/11,025)p* 
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+(1/11,025)p7+ (1/99,225)p*] (54) 
S(2po, 2pa) = e-[— 1— p— (1/5) p?+ (2/15) p*+ (1/15) p*] (55) 
S(3po, 3po) = e-*[— 1— p— (9/25) p*— (2/75) p*+ (34/1575) p*+ (13/1575) p>+ (1/525) p°] (56) 


S(5po, 5po) =e->[ — 1— p— (29/70) p°— (17/210) p°— (1/735) p'+ (1/294) p>+ (67/66,150) p® 


+ (13/66,150) p+ (1/33,075)p*] (57) 


S(2s, 2pc) = S(2po, 2s) = (v3/6)e [pt p?+ (7/15) p+ (2/15) p*] (58) 
S(3s, 3po) = S(3po, 3s) = (V3/9)e* p+ p?+ (12/25) p?+ (11/75) p*+ (17/525) p>+ (1/175) p*] (59) 
S(5s, Spo) =S(5po, 5s) = (V3/12)e-*[ p+ p?-+ (17/35) p?+ (16/105) p*+ (128/3675) p® 


S(2pm, 2pr)=e [1+ p+ (2/5) p*+ (1/15) p*] 


+ (23/3675) p°+ (31/33,075)p?-+ (4/33,075)p*] (60) 


S(3pmr, 3pm) =e-?[1+ p+ (34/75) p?+ (3/25) p> + (31/1575) p*+ (1/525) p* |] (62) 
S(Spm, Spr) =e-[1+ p+ (33/70) p?-+ (29/210) p®-+ (41/1470) p*+ (1/245) p>+ (29/66,150) p+ (1/33,075)p7] (63) 


SPECIAL FORMULAS FOR SLATER-AO OVERLAP INTEGRALS FOR p=0 


S(is, 1s)=(1-—/)3? (64) 
S(1s, 2s)=[(3/4)(1+8(1—2)* } (65) 
S(1s, 3s)=[(2/5)(1+0%(1—4)7 } (66) 
S(1s, 5s)=[(5/28)(1+4)%(1—2)° } (67) 
S(2s, 2s)= —S(2p0, 2p0)=S(2pm, 2pm) = (1—F*)*” (68) 
S(2s, 3s)= —S(2po, 3pc)=S(2pr, 3pm) =[(5/6)(1+2)°(1—2)7 (69) 
S(2s, 5s) = —S(2po, 5p0) = S(2pm, 5pm) =((15/28)(1+2)5(1—2)9 (70) 
S(3s, 3s)= —S(3p0, 3p0) =S(3pm, 3px) = (1—2)"” (71) 
S(3s, 5s) = —S(3pe, 5po)=S(3pm, Spr) =[(7/8)(1+4)7(1—2)° } (72) 
S(5s, 5s)= —S(5po, 5p) =S(5pm, 5pm) = (1-2) (73) 


V. USE OF THE TABLES TO OBTAIN NON-SLATER 
OVERLAP INTEGRALS 


Although the master formulas above and the master 
tables below are for Slater-AO overlap integrals, they 
can also be used in a relatively simple way to obtain 
S’s for orthogonalized Slater AO’s, for SCF AO’s, for 
hybrid AO’s, and in other ways. This follows from the 
definition of S in Eq. (1) and the fact that other types 
of AO’s can be written as linear combinations of Slater 
AO’s. 


Va. Orthogonalized-Slater-AO Overlap Integrals 


As a simple example for the case of orthogonalized 
Slater AO’s, we have for S°"(2s, 2s) from Eqs. (1) and 
(8), using the atom-pair notation of (10): 
S°*(2sq, 255; R)=[.S (25a, 254; R)—2Q0S(15a, 254; R) 
+@S(1sa, iso; R)]/(1—@), 


(74) 





where Q=.S(15s,, 2s.). Using the parameter notation of 
(13), Eq. (74) becomes 


S°*(2s, 2s; Pp, t)=[S(2s, 2s; p, t)—2Q0S(As, a Pp, t) 
+@0?S(1s, 1s; p, 4) ]/(A—@*), (75) 


with Q=S(is, 2s;0, /). It will be noted that the 
computation of S’s corresponding to orthogonalized 
AO’s involves the knowledge of internal Slater S’s, like 
S(15q, 25,2), and of other Slater S’s involving inner-shell 
AO’s, like S(1sq, 2s,) and S(1sq, 1s,) in Eq. (74). These, 
however, differ from like-designated outer-shell S’s only 
in the particular ranges of p and ¢ values needed. For 
internal S’s we have p=0, but t~0,—see Eqs. (64)-(73). 

In the master tables, an effort has been made to 
include such ranges of p and ¢ that orthogonalized-AO 
S’s can be computed if desired. However, we believe 
that these are not likely to be important for the range 
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TABLE II. Comparison of Slater-AO with orthogonalized 
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TABLE III. Comparison of SCF and Slater S’s for 




















Slater-AO S’s. carbon-carbon 2 bonds. 
: p 
Slater Orthogonalized S(2pec, 2p0¢; R) S(2pxrc, 2p7c; R) 
Integral AO's Slater AO's a ) CO SCF Slater SCF Slater 
S(1su, 2sc; 1.06A) 0.575 0.572 0.00 0.00 —1.00 —1.00 1.00 1.00 
S(1su, 2s1i; 1.60A) 0.423 0.415 0.50 1.54 —0.53 —0.46 0.82 0.80 
S(2sc, 2sc; 1.20A) 0.507 0.503 1.00 3.07 0.02 0.18 0.53 0.45 
S(2sc, 2poc; 1.20A) 0.470 0.480 1.20 3.68 0.14 0.29 0.43 © 0.34 
1.35 4.15 0.19 0.33 0.36 0.265 
1.39 4.27 0.21 0.33 0.34 0.25 
1.54 4.73 0.24 0.33 0.29 0.19 
of R values (medium and large R) that occur for 2.00 6.14 0.25 0.24 0.16 0.08 
molecular problems. This conclusion is based on the oo i rr a aa rene 
sample cases in Table II, where it will be noted that 4.00 123 0.05 0.01 001 0.001 


the two sets of S values differ little, in spite of the 
rather considerable magnitude (0.220) of the integral 
S(1sc, 2sc),—Q of Eq. (74),—which is involved in three 
of the cases. A wider variety of cases might of course 
sometimes disclose larger differences, but it seems 
unlikely that these would ever become important. 


Vb. SCF-AO Overlap Integrals 


We have made no extensive study of SCF-AO S’s, 
but it is obvious from Eqs. (1) and (5) or (6) that 
these are approximately expressible as linear combina- 
tions of Slater S’s similar to Eq. (75), although usually 
containing a number of terms. As an example, and for 
its own intrinsic interest, we have, however, computed 
SSCF(2pmc, 2pmc; R) and S®8°F(2p0c, 2poc;R). This 
was done after fitting the following normalized formula 
to the SCF 2 AO as given by Jucys in tabular numer- 
ical form” for the state 1s)?2s)?2p)?, 'D: 


x8°F (2c) = 0.260x (2p; 2.694)+0.518x (2p; 1.416) 

+0.309x (2p; 0.898). (76) 
The formula applies equally to 20 or 2px. Each of 
the symbols x(2p; u) denotes a 2 (¢ or 7) normalized 
Slater AO with Ro, of the form V,re~"/*H (see Eqs. (7)). 
A three-term formula (see Eq. (6)) was found necessary 
here to obtain a reasonably good fit to the numerical 
values of Jucys. 

When Eq. (76), used for either 2p0 or 27, is com- 
bined with Eq. (1), one obtains an expression for 
SSF (200, 2poc; R) or SS°¥(2pmc, 2pmc; R) as a linear 
combination of six terms involving Slater-AO S’s. For 
a given R, all of these have different p values; three of 
them have /=0, the rest, other / values >0. Referring 
to the master tables for the necessary Slater S’s, we 
obtained the SS°F(R) values given in Table III. The 
Table also includes comparisons with the corresponding 
simple Slater-AO quantities. 

The foregoing example shows that good SCF AO’s 
may give quite different S values than Slater AO’s, 

A. Jucys, Proc. Roy. Soc. 173A, 59 (1939); accurate SCF 
method including exchange. Jucys’ 2p AO’s are appreciably 
different for the states *P, 1D, and 'S, of which we have selected 
the 'D, where the AO form approximates the average of those 
for the three cases. We should have preferred the presumably 


somewhat different SCF 2p AO for 2s2p', but Jucys did not 
compute this. 








especially at large R values." When one examines the 
forms of SCF AO’s as given by Hartree and other 
authors in numerical tables for such atoms as carbon 
and oxygen, it is seen that they differ characteristically 
from those of Slater and hydrogenic AO’s in their more 
gradual decrease at large R values, especially for p 
AO’s."* This typical difference makes understandable 
the results set forth in Table III. For the computation 
of S values (and of other interatomic integrals used in 
molecular calculations) these results evidently raise 
much more serious questions than does the matter of 
orthogonalization. In particular, they suggest that 
non-neighbor interactions in polyatomic molecules may 
be relatively large. It might then seem that we ought 
to proceed to compute SCF S values for suitable 
parameter-ranges for the more important AO pairs. 
However, second thought brings to mind the fact that 
the best AO’s for atoms in molecules must be very 
considerably different than in free atoms, even though 
we are not very well informed as to the exact nature of 
these differences and as to their variety in different 
molecular states. Still, for the case of AO’s used in 
molecular states with stable binding, we would probably 


y 


-------=-> 





Fic. 2. Axes and notation 
for H;0. 








© ----}----------Jo 


11 Our conclusions given above as to the smallness of the effect 
on S§ of orthogonalization (which introduces inner nodes into 
Slater’s radially nodeless AO’s) suggests that the inner nodes in 
SCF AO’s might be dropped without much error for the computa- 
tion of S values. That is, it might be adequate to retain only the 
outermost loop as Slater does; provided, however, this is repre- 
sented by a sum of two or more exponential terms as in Eq. (76), 
instead of by a single Slater function. 

8 Note added in proof. In subsequent work in this laboratory, 
Dr. H. Shull has found that in the case of 2s AO’s there is little 
difference between SCF and Slater AO’s except for small R values 
where the SCF AO has an inner loop. Hence S values computed 
using Slater ms AO’s are nearly the same as using SCF ns AO’s, 
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expect the free-atom AO’s to be so modified as to 
correspond to increased rather than decreased overlap; 
and this increase should be relative to SCF AO’s, and 
therefore all the more so relative to Slater AO’s. 
Obviously the matter deserves further study. Obviously 
also, the exact values of Slater S’s should not be taken 
too seriously. 


Vc. Hybrid-AO Overlap Integrals 


The computation of S values for hybrid AO’s is a 
rather satisfying matter, since it is very easy to obtain 
these from Slater S’s, and since the results are very 
striking. As discussed at the end of Section II, only 
o-hybrid AO’s can be formed from s and p AO’s. The 
notation (see (10), (13)) and conventions of Section II 
for Slater-AO S’s can be used without change for 
hybrid-Slater-AO S’s. 

In general, for a o-bond between two atoms a and 3, 
formed by AO’s with respective hybridization coeffici- 
ents a, and a» (see Eq. (9)), Eqs. (1) and (9) give 


SY (nox, nvy; p, t)=aaanS (NaS, NS; P, t) 
+ or0a(1—az?)*S (nas, nopo; p, t) 
+o204(1—a2?)!S (napa, nos; p, t) 
+404(1—ag?)(1—az?)*S (napa, nopo; p, t), - (77) 


where oq and oy denote the signs before (1—a?)! in 
Eq. (9), and the parameter-pair p,¢ have the same 
values in all the integrals. For a homopolar bond this 
reduces to 
S*¥(nx, nx; p, 0)=a2S(ns, ns; p, 0) 
+2a(1—a?)'S(ns, npo; p, 0) 
+(1—a’)S(npo, npo; p,9). (78) 


For a bond between a 1s hydrogen atom AO and a 
hybrid o-AO of another atom 6, it becomes 


S’¥(1su, my; p, t)=anS(1su, usp; p, t) 
+ (1—a;?)4S(1su, nor; p,t). (79) 


In order to obtain numerical values of S for any 
given hybrid case, it is necessary only to specify a, and 
a», then to look up the appropriate Slater-AO S values 
in the master tables, and finally to form linear combi- 
nations in accordance with Eqs. (77)-(79). If desired, 
S values corresponding to hybrid orthogonalized Slater 
AO’s,® or to hybrid SCF AO’s, can similarly be obtained 
by using Eqs. (77)-(79) in connection with orthogo- 
nalized or SCF pure-AO S values. 

Since S values for any desired pair of Slater-AO 
hybrids can readily be obtained using Eqs. (77)-(79) 
and the master tables, no extensive hybrid tables will 
be given here. Nevertheless, two sets of Slater-AO 
hybrid S tables (Tables XXIV-XXVIII) have been 
computed explicitly in order to aid the reader in 
appreciating quantitatively the rather remarkable 
effects of hybridization on S values. Further examples 
of hybrid S values for specific molecules, and a discus- 
sion, will be given in a following paper." 
ub For a preliminary report, see J. Chem. Phys. 17, 510 (1949). 
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Vd. Group Overlap Integrals 


A further simple application of the present tables is 
to the computation of overlap integrals in which one or 
both atoms are replaced by groups of atoms. S’s of 
this sort frequently occur when one is working with 
non-localized MO’s (molecular orbitals) in LCAO 
approximation. The non-localized MO structure of H.0 
furnishes a convenient example. Neglecting s, p hybrid- 
ization, the electron configuration may be written: 


(1s0)?(2s0)?(a2pyo+6[1si— 152 })?(c2pzo 
+-d[1s1+ 152 })?(2pxo0)’. 


Here the two bonding MO’s have been written out in 
LCAO form (see Fig. 2 for notation). In connection 
with these MO’s, the overlap integrals 


(80) 


5 


S(yo, s—s)= f 2py0L(11— 1s2)/(2—2S1s3182)* |dr 
(81) 





S(Zo, sts) f 2psoL (sit 1s:)/(2+2Sta10)"ar 


are of interest. The internal H—H group normalization 
factors (2+25;,,1.)? are obtained using the S(1s, 1s) 
master table. The remaining integrals are easily evalu- 
ated by writing 2pyo or 220 as a linear combination of 
a 2po0 and a 2m function, relative to the axis of either 
the O—H;, or the O— Hz, bond. Thus 


2pyo = (sina)(2p01)+ (cosa) (2p7m1) 
= — (sina) (2pa2)— (cosa) (2pm), 

2p20 = (cosa) (2p01)+ (sina) (2p71) 
= (cosa) (2pa2)+ (sina) (2pm). 


On substituting into the expressions for S(yo, s—s) and 
S(zo, s+s) above, and noting that {2pm;isidr=0, we 
obtain 


S(yo, S—s)=v2 sinal1—S(1su, 159; Rie) 1? 
XS(1s, 2p0; H—O), 

S(z0, s+s)=v2 cosal1+S(1su, 15H; Ri) |? 
XS(1s, 2p; H—O). 


Here the notation of (10), (13) has been used in a 
convenient way for the S’s. 

Equations (82) illustrate how the computation or 
even the mere formulation of group overlap integrals 
affords added insight into the bonding characteristics 
of non-localized MO’s. If 2a in H.O were 90°, Eqs. 
(82) would give 


S(yo, s—s)=S(z0, s+s)~S(1s, 20; H—O), 


(82) 


the same integral that would occur using localized 
MO’s or using the valence-bond AO method. Actually, 
the experimental 2a= 105° makes S(yo, s—s) distinctly 
larger and S(zo, s+s) distinctly smaller than this; the 
factors (1--.Ss,1,)! enhance this effect considerably. 
To the extent that S values can be taken as measures 
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of bonding strengths (see following paper), this indi- example in the study of hyperconjugation. This subject 
cates that the yo+(1s—is) MO is more strongly will not be developed here, however, since the object 
bonding in H,O than the zo+(1s+1s); also that the of the present paper is to give methods rather than to 
binding (i.e., ionization) energies of the two MO’s are __ discuss applications. 
in the same order. 

The discussion could be further elaborated by a con- Ve. Transition Moment Integrals 
sideration of s, p hybridization, which is undoubtedly 
of some importance here. For reasons of symmetry, 
this can affect only the [zo+(1s+1s)] MO in the 
non-localized MO treatment; the result must be that 
the 2s9 AO in (80) acquires some MO bonding prop- 
erties and the bonding character of [zo+(1s+41s) ] is . 
further weakened ; but with an over-all gain in bonding. Qr0'= [xv0X cond T= 3RS(npx, npm; p, 0). (83) 
S(zo, S+s) in Eqs. (81) now is replaced by a linear 
combination including S(2so,s+s), the final S being ACKNOWLEDGMENT 
easily computed as a function of the extent of hybrid- 


Certain transition moment integrals for electronic 
transitions in homopolar diatomic molecules can be 
obtained very simply from overlap integrals,” for 
example: 


ea oe: ] ly indel Mr. , J. Kinyon for his 
ation if this were known. We are very greatly indebted to Mr. Tracy J Kinyon for hi 
. ee cooperation in the preparation of the tables. Mr. Kinyon carried 

Group overlap integrals can be used to obtain insight through the arduous task of making all the extensive numerical 


into bond strengths in many molecular problems, for computations for the tables in Sections VI and VII. 


VI. MASTER TABLES FOR SLATER-AO OVERLAP INTEGRALS** 

















TABLE IV. 
ation — — —————— nt 
s, 1s) : S(1s, 1s) 
valu- p t=0.5 1=0.6 t=0.7 1=0.0 1=0.1 ¢=0.2 1=0.3 1=0.4 1=0.5 1=0.6 1=0.7 1=0.8 
on of 0.650 0.512 0.364 0.275 0. 0.276 0.274 0.270, 0.259 0.237 0.200 0.143 


0.259 

0.244 24 0.246 0.247 0.245 0.238 0.221 0.189 0.138 
0.215 le 0.218 0.221 0.222 0.219 od 0.180 0.133 
0.189 > 0.194 0.198 0.201 0.201 ; 0.170 0.128 
0.166 , 0.171 0.176 0.182 0.184 17 0.161 0.123 
0.146 14 0.151 0.157 0.164 0.168 le 0.152 0.119 
0.136 

0.127 , 0.133 0.140 0.148 0.154 155 0.144 0.114 
0.097 5 0.103 0.110 0.120 0.129 13 0.129 0.106 
0.068 F 0.074 0.082 0.091 0.102 . 0.112 0.097 
0.047 , 0.053 0.060 0.070 0.081 J J 0.088 
0.032 .0: 0.037 0.044 0.053 0.064 J J 0.080 
0.022 J 0.026 0.032 0.040 0.050 ; .073 0.072 
0.015 0.018 0.023 0.030 0.040 OS .063 0.066 
0.010 , 0.013 0.017 0.023 0.031 04: OS 0.059 
0.005 005 0.006 0.009 0.013 0.019 02 0: 0.049 
0.002 , 0.003 0.004 0.007 0.012 X J 0.040 
0.000 J 0.001 0.001 0.002 0.004 F J 0.027 
0.000 J 0.000 0.000 0.000 0.001 ; J 0.015 
0.000 0.000 0.000 0.000 0.000 0.000 , 0.005 


0.630 0.499 0.357 
0.580 0.465 0.337 
0.554 0.447 0.327 


either 
0.526 0.428 0.316 
0.498 0.409 0.305 
0.469 0.388 0.293 


0.439 0.368 0.281 


NONSANEROBAUE 


0.410 0.348 0.269 
0.382 0.328 0.256 
0.355 0.308 0.244 


DO TST OD ON 1 ee ee eG Gn Ga Gon 
‘Sy se 4 


s+ 
I 


0.329 0.289 0.233 


Rp mae oan ee 
ASS Oe 
SOSSSou 


0.304 0.271 0.221 
0.281 0.254 0.210 


0.0 
0.5 
1.0 
1.2 
1.3 
1.4 
1.5 
1.6 
i7 
1.8 
1.9 
2.0 
2.1 
bub 
2.3 
2.4 
2.5 
2.6 
2.7 
28 
2.9 
3.0 
3.2 














TABLE V. 











S(1s, 2s) 
t=-0.4 t=-0.3 t=-0.2 t=-0.1 t¢=0.0 t=0.1 t=0.2 t=0.3 t=0.4 t=0.5 i =0.6 


0.933 0.977 0.978 0.938 0.866 0.768 0.652 0.526 0.400 0.281 0.177 
0.916 0.959 0.960 0.923 0.854 0.760 0.647 0.525 0.401 0.284 0.180 
0.866 0.906 0.907 0.875 0.814 0.730 0.628 0.516 0.400 0.288 0.186 
0.790 0.823 0.825 0.799 0.749 0.679 0.593 0.496 0.393 0.290 0.192 
0.697 0.722 0.723 0.702 0.664 0.610 0.542 0.463 0.376 0.285 0.195 
0.657 0.679 0.679 0.661 0.627 0.579 0.519 0.447 0.367 0.282 0.196 
0.617 0.635 0.635 0.619 0.589 0.547 0.494 0.430 0.357 0.277 0.195 
0.578 0.592 0.591 0.576 0.550 0.514 0468 0.411 0.345 0.272 0.194 
0.539 0.550 0.547 0.534 0.512 0.481 0441 0.392 0.333 0.265 0.192 
0.501 0.508 0.505 0.493 0474 0448 0414 0.372 0.320 0.258 0.190 
0.464 0.468 0.464 0453 0.437 0416 0.388 0.352 0.306 0.251 0.187 
0.428 0430 0425 0415 0402 0.384 0.361 0.331 0.292 0.243 0.184 
0.395 0.394 0.388 0.379 0.368 0.354 0.336 0.311 0.278 0.234 0.180 








mus S. Mulliken, J. Chem. Phys. 8, 238 (1940), footnote 14. (In this footnote, Eq. (12) should read Eq 
*See Section III, especially Eqs. (12), (13), for definitions and conventions, 
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TaBLE V.—(Con’t) 















S(1is, 2s) 















































































Pp t=-05 t=-04 t=-03 t=-0.2 t=-0.1 ¢=0.0 t=0.1 t=0.2 t=0.3 t=0.4 t=0.5 t=0.6 t=0.7 t=0.8 t=0,9 
3.8 0.335 0.325 0.311 0.291 0.263 0.225 0.176 0.119 0.060 0.015 F 
4.0 0.332 0.333 0.327 0.320 0.312 0.305 0.297 0.287 0.272 0.249 0.216 0.172 0.118 0.060 0.015 § —— 
4.2 0.276 0.271 0.264 0.253 0.235 0.207 0.167 0.116 0.061 0.016 | 
4.4 0.250 0.246 0.242 0.235 0.221 0.198 0.162 0.115 0.061 0.016 10 | 
4.5 0.272 0.265 0.256 0.247 0.241 ~- 
4.6 0.225 0.223 0.221 0.217 0.208 0.189 0.157 0.113 0.061 0.016 § 3% | 
5.0 0.221 0.209 0.197 0.188 0.183 0.181 0.182 0.184 0.185 0.182 0.170 0.147 0.109 0.062 0.017 30 | 
5.5 0.136 0.139 0.144 0.149 0.152 0.149 0.134 0.104 0.061 0.018 § 32 § 
6.0 0.143 0.127 0.114 0.105 0.101 0.101 0.105 0.111 0.119 0.126 0.128 0.120 0.098 0.060 0.018 § 32 | 
6.5 0.074 0.078 0.085 0.094 0.104 0.110 0.108 0.092 0.059 0.019 § 38 « 
7.0 0.091 0.075 0.063 0.056 0.053 0.054 0.058 0.065 0.074 0.085 0.093 0.096 0.086 0.058 0.019 § 40 § 
7.5 0.039 0.042 0.048 0.058 0.068 0.079 0.085 0.079 0.056 0.020 § * ‘ 
8.0 0.057 0.044 0.034 0.029 0.027 0.027 0.030 0.036 0.044 0.055 0.066 0.075 0.073 0.054 0.020 
9.0 0.014 0.016 0.020 0.026 0.035 0.046 0.057 0.061 0.050 0.020 
10.0 0.007 0.008 0.010 0.015 0.022 0.032 0.043 0.051 0.046 0.020 
12.0 0.001 0.002 0.003 0.005 0.008 0.014 0.023 0.034 0.037 0.00 § 
15.0 0.000 0.000 0.000 0.001 0.002 0.004 0.009 0.017 0.025 0.019 § ~ 
0.000 0.000 0.000 0.000 5 
p 
TABLE VI. 0.0 
es ¢ 
10 0 
S(1s, 2pe) 15 0 
p t=-O5 t=-04 t=-03 t=-0.2 t=-O1 1-00 ¢=01 1=0.2 #203 #204 #505 1506 $¢50.7 1=08 = 
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 § 3° 9 
0.5 0.117 0.155 0.189 0.216 0.234 0.240 0.235 0.218 0.191 0.157 0.119 0.080 0.046 0.022 § 34 0 
1.0 0.208 0.276 0.336 0.385 0417 0429 0.421 0.394 0.348 0.288 0.220 0.151 0.087 0.038 B36 0 
1.5 0.264 0.348 0.423 0.484 0.525 0.544 0.538 0.507 0.454 0.381 0.296 = 0.206 = 0.121 0.04 Bg) g 
2.0 0.287 0.375 0.454 0.518 0.564 0.586 0.585 0.558 0.506 0.433 0.344 0.245 0.148 0.067 
2.2 0.289 0.375 0.453 0.517 0.563 0.587 0.587 0.563 0.515 0.444 0.355 0.256 0.156 0.071 § 
2.4 0.287 0.371 0.447 0.509 0.554 0.579 0.582 0.561 0.517 0.449 0.363 0.264 0.164 0.076 
2.6 0.282 0.363 0435 0.495 0.540 0.565 0.570 0.553 0.513 0.450 0.368 0.271 0.170 0.079 
2.8 0.275 0.352 0.420 0.477 0.520 0.546 0.553 0.540 0.505 0447 0.369 0.275 0.175 0.08 § —— 
3.0 0.266 0.338 0.402 0.456 0.497 0.523 0.532 0.522 0492 0.441 0.368 0.278 0.179 0.086 
3.2 0.255 0.323 0.382 0.432 0.471 0.497 0.508 0.502 0477 0.431 0.364 0.279 0.182 0.089 ) 
3.4 0.244 0.306 0.361 0.407 0.443 0.468 0.481 0479 0459 0.419 0.359 0.278 0.184 0.09 FF » - 
3.6 0.232 0.289 0.338 0.380 0.414 0439 0.453 0.454 0.439 0.406 0.351 0.276 0.186 0,093 
3.8 0.409 0.424 0.428 0.418 0.390 0.342 0.273 0.186 0.05 B oo 3 
4.0 0.207 0.253 0.293 0.327 0.356 0.379 0.394 0.401 0.396 0.374 0.332 0.269 0.186 0.07 BF 10 0. 
4.2 0.349 0.365 0.374 0.373 0.357 0.321 0.264 0.186 0.08 § 15 0. 
4.4 0.320 0.337 0.348 0.350 0.339 0.310 0.258 0.185 0.09 B 3% ° 
45 0.176 0.210 0.239 0.264 0.286 3.0 0. 
4.6 0.293 0.309 0.322 0.328 0.321 0.298 0.252 0.183 0.10 § 32 0. 
5.0 0.147 0.171 0.190 0.208 0.225 0.241 0.258 0.273 0.284 0.286 0.272 0.238 0.179 0.101 B 3% ° 
5.5 0.186 0.202 0.219 0.234 0.243 0.241 0.219 0.172 0.102 B 38 0. 
6.0 0.099 0.108 0.115 0.122 0130 0.141 0.155 0.172 0.189 0.204 0.210 0.199 0.163 0.101 § 40 0. 
6.5 0.105 0.118 0.133 0.151 0.169 0.181 0.179 0.154 0.10 F — — 
7.0 0.064 0.066 0.066 0.068 0.071 0.078 0.088 0.102 0.120 0.139 0.155 0.160 0.144 0.098 
7.5 0.057 0.065 0.077 0.094 0.113 0.132 0.142 0.134 0.095 
8.0 0.041 0.039 0.037 0.036 0.037 0.041 0.048 0.058 0.073 0.092 0.111 0.126 0.124 002 F 
9.0 0.021 0.025 0.032 0.043 0.059 0.078 0.097 0.104 0.08% § — 
10.0 0.010 0.013 0.017 0.025 0.037 0.054 0.073 0.087 0.078 
12.0 0.002 0.003 0.005 0.008 0.014 0.025 0.040 0.058 0.038 >» | 
15.0 0.000 0.000 0.001 0.001 0.003 0.007 0.015 0.030 0.04 BT 
20.0 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.009 0.02 “ | 
10 
LS 
TasBLe VII. 20 
= — 25 
S(1s, 3s) S(1s, 3s) 3.0 
i= t= t= t= t= t= t= i= a2 
Dp -04 -03 -0.2 -0.1 ¢=0.0 ¢=0.1 ¢=0.2 ¢=0.3 ¢=0.4 Dp —04 —-0.3 —0.2 —0.1 ¢=0.0 ¢=0.1 ¢=0.2 ¢=0.3 1=04 3.4 { 
0.0 0.954 0.928 0.857 0.754 0.632 0.505 0.381 0.269 0.175 4.4 0.385 0.371 0.356 0.341 0.324 0.305 0.280 0.248 0.207 3.6 ( 
0.5 0.945 0.920 0.851 0.751 0.632 0.507 0.384 0.273 0.179 4.6 0.355 0.341 0.327 0.314 0.301 0.285 0.265 0.238 0.202 3.8 ( 
1.0 0.915 0.893 0.832 0.739 0.628 0.510 0.393 0.284 0.190 4.8 0.327 0.312 0.300 0.288 0.279 0.266 0.249 0.227 0.195 40 ( 
1.5 0.864 0.847 0.792 0.713 0.615 0.508 0.399 0.295 0.203 5.0 0.301 0.287 0.274 0.265 0.256 0.248 0.235 0.217 0.190 
2.0 0.794 0.780 0.736 0.670 0.588 0.495 0.399 0.304 0.215 5.5 0.242 0.227 0.216 0.210 0.206 0.204 0.200 0.190 0.173 4.2 ( 
2.5 0.712 0.701 0.665 0.612 0.546 0.470 0.389 0.306 0.224 6.0 0.193 0.178 0.168 0.164 0.163 0.165 0.166 0.164 0.155 44 ( 
3.0 0.623 0.612 0.584 0.544 0.494 0.436 0.370 0.299 0.227 6.5 0.152 0.137 0.129 0.126 0.127 0.132 0.137 0.140 0.137 46 ( 
3.2 0.587 0.575 0.551 0.515 0.471 0.419 0.360 0.295 0.226 7.0 0.119 0.105 0.098 0.096 0.098 0.104 0.111 0.117 0.120 
3.4 0.551 0.539 0.516 0.486 0.447 0.402 0.347 0.289 0.225 7.5 0.092 0.080 0.073 0.072 0.074 0.080 0.089 0.098 0.104 4.8 ( 
3.6 0.516 0.504 0.483 0.456 0.423 0.383 0.334 0.283 0.223 8.0 0.071 0.060 0.054 0.053 0.056 0.062 0.070 0.080 0.089 5.0 ( 
3.8 0.481 0.469 0.450 0.426 0.398 0.364 0.320 0.275 0.220 9.0 0.042 0.033 0.029 0.028 0.030 0.035 0.043 0.053 0.064 5.5 ( 
4.0 0.448 0.435 0.418 0.397 0.373 0.344 0.309 0.267 0.217 10.0 0.024 0.018 0.015 0.015 0.016 0.020 0.025 0.034 0.04 
4.2 0.416 0.403 0.386 0.369 0.348 0.324 0.295 0.257 0,212 etinty 











OVERLAP INTEGRALS 


TaBLeE VIII. 








S(1s, 3p) S(1s, 3p) 
—0.3 -0.2 -0O1 t=0.0 


0.000 0.000 0.000 0.000 
0.183 0.194 0.192 0.179 
0.343 0.363 0.362 0.340 
0.461 0.490 0.491 0.466 
0.529 0.565 0.571 0.547 
0.550 0.590 0.601 0.582 
0.534 0.574 0.589 0.578 
0.520 0.559 0.575 0.567 
0.502 0.541 0.558 0.553 
0.482 0.519 0.536 0.535 
0.460 0.495 0.513 0.514 
0.469 0.487 0.490 

0.460 0.466 


ix t= 
—0.2 -0.1 ¢=0.0 





0.415 0.433 0.440 
0.387 0.405 0.414 
0.360 0.377 0.387 
0.333 0.350 0.361 
0.270 0.285 0.297 
0.215 0.227 0.240 
0.168 0.178 0.190 
0.129 0.137 0.148 
0.098 0.104 0.114 
0.074 0.078 0.086 
0.040 0.042 0.048 
0.021 0.022 0.026 


SOSONNANAAS HS | 
SOSUNSUSUSOBoOe 


VORARROUSUOWS 
-_ 

















S(1s, 5s) S(1s, 5s) 
i= t= t= 
—-0.1 t4=0.0 —-0.2 -0.1 ¢=0.0 





0.405 0.376 0.341 
0.343 0.323 0.300 
0.285 0.272 0.258 
0.232 0.224 0.218 
0.187 0.183 0.181 
0.147 0.145 0.147 
0.115 0.114 0.117 
0.089 0.089 0.093 
0.051 0.052 0.056 
0.028 0.029 0.032 


0.554 0.423 

0.556 0.426 

0.560 0.435 

0.562 0.444 

0.557 0.450 

0.540 0.448 

0.513 0.435 

0.498 0.427 

0.482 0.417 

0.465 0.406 

. 0.447 0.394 
40 0.531 8 ¥ 0.427 0.380 


Seer Aanine | oy 
coooumouwouwon 


— 














5, Spo) S(1s, § 
i= i= i= i= 
—0.4 vd —0.2 1 ¢=0.0 -0.2 -—0.1 =0.0 :=0. 





0.504 0.502 le 0.445 
0.442 0.445 AS 0.412 
0.377 0.384 383 0.371 
0.315 0.324 32 0.326 
0.258 0.268 2 0.282 
0.206 0.216 .227 0.237 
0.163 0.172 > 0.197 
0.127 0.135 147 0.161 
0.074 0.080 , 0.104 
0.042 0.045 05 0.064 


0.000 0.000 , 0.000 
0.153 0.157 -143 0.121 
0.293 . 0.304 27 0.238 
0.429 , 0.344 

0.524 R 0.431 

0.581 Ss 0.493 

0.603 0.526 

0.603 0.532 

0.597 0.534 

0.587 0.531 

0.573 oa 0.526 

40 0.501 es 0.556 oa 0.516 


SSONNAAAAM | we 
coomoucuwsouw 


_ 














t=0.1 , t=0.3 t=0.4 





0.014 017 =0.023 =0.032 
0.010 . 0.017 0.026 
0.007 f 0.013 0.020 


0.207 
0.202 
0.195 


p 
6.0 0.190 0.197 0.206 0.215 
6.5 0.148 0.155 0.167 0.179 
7.0 0.113 0. 0.133 0.148 
7.5 0.086 0.093 0.106 0.121 
8.0 0.064 0.071 0.083 0.099 
8.5 0.048 0.054 0.065 0.080 
9.0 0.035 0. 0.050 0.064 
‘ 9.5 0.026 0.030 0.039 0.051 
3 t=O 0.0 0.019 0. 0.030 0.041 
0.5 
1.0 
1.5 


0.190 a . . . ,4 . . 2a . . . 
0.173 . ). ; r , , .27 d F 0.005 R 0.010 0.016 


oe \ ; ! ; ; 0.004 0.007 0.012 
omen f ! 0 0. 0.002 0.006 0.010 
5 0. 0.002 0. 0.004 0.008 
0.001 0. 0.003 0.006 


— 
pe 
uw 











MULLIKEN, RIEKE, ORLOFF, AND ORLOFF 


TABLE XII. 








zz 


S(2pe, 2s) S(2s, 2p) 
t=0.4 i=0.3 4 4 f t=0.1 ¢=0.2 t=0.3 t=0.4 


> 





0.000 0.000 0.000 0.000 0.000 0.000 
0.020 0.047 0.167 0.180 0.180 0.166 
0.047 0,098 0.319 0.343 0.342 0.315 
0.081 0.151 . ; ‘ 0.443 0473 0472 0.437 
0.114 0.197 , i : 0.526 0.561 0.560 0.521 
0.143 0.218 : Y , 0.567 0.603 0.602 0.569 
0.163 0.251 ’ : : 0.570 0.606 0.612 0.582 
0.169 0.254 . ; : 0.562 0.598 0.606 0.580 
0.173 0.255 , : . 0.549 0.586 0.596 0.573 
0.175 0.254 J 5 : 0.534 0.570 0.582 0.563 
0.176 0.252 : . 0.515 0.551 0.565 0.550 
0.176 0.247 , r 0.494 0.529 0.545 0.535 
0.174 0,241 ’ , 0.471 0.505 0.523 0.518 
0.172 0.234 ’ 39 0.446 0480 0.500 0.499 
0.168 0.226 i 3 0.421 0.455 0.476 0.479 
0.164 0.217 k 314 0.396 0.428 0451 0.458 
0.159 0.208 , ; ; 0.370 0402 0.426 0.436 
0.145 0.182 k ‘ 27 0.308 0.337 0.364 0.382 
0.129 0.157 ‘ ‘ i 0.250 0.277 0.305 0.328 
0.112 0.132 i ; ‘ 0.200 0.224 0.251 0.278 
0.096 0.109 b ' : 0.157) 390.178 =60.205. (0.233 
0.082 0.089 I , ; 0.122 0.140 0.165 0.193 
0.068 0.072 ; , 0.093 0.109 0,131 0.159 
0.057. =—-0.057 0.070 0.084 0.103 0.130 
0.047 0.045 0.053 0.064 0.081 0.105 
0.038 0.036 0.039 0.048 0.063 0.085 
0.031 0.028 0.029 0.036 0.048 0.068 
E 0.021 0.027 0.037 0.054 

0.020 0.016 A i 0.015 0.020 0.028 0.043 
0.011 0.015 0.022 0.034 

0.012 0.010 : i 0.008 0.011 0.016 0.027 
0.006 0.008 0.012 0.021 

0.004 0.006 0.009 0.016 

0.003 0.004 0.007 0.013 

0.002 i 0.005 0.010 


om NN SS 
SMHSMSoMUomMmo 


0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 
0.0 
0.5 
1.0 
1.5 
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TABLE XIII. 











S(2s, 3s) 
t=-06 t=-0.5 t=—0.4 t= —0.3 t=—0.2 t=-0.1 ?=0.0 


> 





0.479 0.667 0.826 0.937 0.989 0.979 0.913 
0.477 0.663 0.820 0.929 0.979 0.970 0.905 
0.473 0.651 0.801 0.904 0.952 0.943 0.884 
0.466 0.634 0.771 0.865 0.909 0.902 0.849 
0.457 0.611 0.733 0.815 0.853 0.847 0.803 
0.445 0.582 0.688 0.756 0.789 0.785 0.747 
0.430 0.549 0.637 0.692 0.716 0.712 0.684 
0.411 0.512 0.582 0.623 0.639 0.636 0.614 
0.390 0.472 0.524 0.552 0.562 0.557 0.541 
0.365 0.429 0.466 0.483 0.485 0.481 0.469 
0.339 0.387 0.408 0.415 0.413 0.407 0.395 
0.312 0.344 0.354 0.352 0.346 0.339 0.334 
0.285 0.304 0.303 0.295 0.285 0.278 0.275 
0.259 0.266 0.258 0.245 0.233 0.226 0.225 
0.232 0.230 0.216 0.200 0.187 0.180 0.179 
0.207 0.198 0.180 0.162 0.149 0.142 0.142 
0.184 0.169 0.148 0.130 0.117 0.111 0.111 
0.143 0.121 0.099 0.082 0.071 0.065 0.066 
0.110 0.085 0.065 0.050 0.041 0.037 0.037 


SLCRMNNAAWNGE Rh OWWNN EROS 
STSOMOMNOUNUOUMNSUSUoOMNoMo 


— 











OVERLAP INTEGRALS 


TABLE XIV. 








S(2s, 3po) 
t= —-0.5 t=—0.4 t= —-0.3 t= —0.2 =-—0.1 1=0.0 t=0.2 =0.3 i=0.4 t=0.5 


0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.020 0.048 0.081 0.113 0.140 0.156 0.150 0.130 0.101 0.070 
0.042 0.096 0.158 0.219 0.269 0.300 0.290 0.251 0.198 0.138 
0.067 0.143 0.229 0.312 0.380 0.422 0.410 0.358 0.285 0.201 
0.095 0.187 0.289 0.386 0.465 0.515 0.505 0.445 0.359 0.258 
0.122 0.224 0.334 0.438 0.522 0.576 0.570 0.509 0.416 0.306 
0.146 0.252 0.363 0.466 0.550 0.605 0.605 0.548 0.457 0.343 
0.164 0.267 0.374 0.470 0.549 0.603 0.612 0.563 0.480 0.369 
0.175 0.273 0.370 0.456 0.527 0.577 0.596 0.558 0.486 0.384 
0.180 0.268 0.352 0.427 0.488 0.533 0.561 0.535 0.478 0.390 
0.178 0.255 0.326 0.387 0.438 0.478 0.514 0.500 0.459 0.385 
0.172 0.236 0.293 0.342 0.383 0.418 0.459 0.457 0.430 0.373 
0.162 0.214 0.258 0.295 0.328 0.356 0.401 0.409 0.397 0.356 
9.150 0.191 0.224 0.251 0.275 0.299 0.346 0.361 0.361 0.335 
0.135 0.166 0.189 0.207 0.225 0.245 0.291 0.311 0.321 0.309 
0.121 0.143 0.158 0.170 0.182 0.198 0.242 0.266 0.283 0.283 
0.107 0.122 0.130 0.137 0.145 0.157 0.198 0.224 0.247 0.257 
0.081 0.085 0.085 0.086 0.088 0.096 ' 0.129 0.154 0.183 0.205 
0.059 0.059 0.054 0.051 0.052 0.056 0.080 











TABLE XV. 








S(2pe, 2pc) S(2pe, 20) 
t=0.0 t=0.1 t=0.2 t=0.3 t=0.4 ¢=0.5 t=0.0 t=0.1 t=0.2 t=0.3 t=0.4 t=0.5 t=0.6 





0.250 0.247 0.235 0.214 0.181 0.138 0.087 
0.210 0.208 0.201 0.187 0.164 0.131 0.087 
0.171 0.171 0.167 0.160 0.145 0.120 0.085 
0.137 0.137 0.137 0.134 0.126 0.109 0.081 
0.107 0.108 0.109 0.110 0.107 0.096 0.075 
0.083 0.084 0.086 0.089 0.090 0.085 0.069 
0.063 0.064 0.067 0.071 0.075 0.073 0.063 
0.047 0.048 0.052 0.057 0.061 0.063 0.057 
0.035 0.036 0.039 0.045 0.050 0.054 0.051 
0.026 0.027 0.030 0.035 0.041 0.045 0.045 
0.019 0.020 0.021 0.027 0.033 0.038 0.040 
0.013 0.014 0.017 0.021 0.026 0.032 0.035 
0.010 0.010 0.012 0.016 0.021 0.027 0.031 
0.007 0.007 0.009 0.012 0.017 0.022 0.027 
0.005 0.005 0.007 0.009 0.013 0.018 0.023 
0.003 0.004 0.005 0.007 0.010 0.015 0.020 
0.002 0.003 0.003 0.005 0.008 0.012 0.017 


— 1.000 / —0.903 -—0.790 —0.647 —0.487 
—0.927 , —0.840 —0.738 -—0.607 —0.461 
—0.736 . —0.673 —0.599 —0.502 —0.389 
—0.483 ls —0.452 —-0.416 -0.360 —0.292 
—0.226 , —0.226 -—0.222 -—0.211 —0.188 
0.005 ; —0.029 —0.053 -—0.076 —0.092 
0.159 . 0.121 0.079 0.032 —0.011 
0.208 le 0.167 0.120 0.067 0.016 
0.248 . 0.204 0.155 0.097 0.040 
0.279 . 0.235 0.184 0.123 0.061 
0.303 R 0.258 0.207 0.144 0.079 
0.319 a 0.275 0.224 0.161 0.094 
0.328 ; 0.286 0.237 0.175 0.107 
0.332 le 0.293 0.245 0.185 0.117 
0.332 my 0.294 0.250 0.191 0.126 
0.327 ls 0.293 0.251 0.196 0.132 
0.319 / 0.288 0.249 0.197 
0.289 0.266 0.236 C.193 


p 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
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TABLE XVI. 














S(2pe, 3s) 
t=-0.6 1=-05 t=-04 t=-03 t=-0.22 t=-0.1 t=0.0 t=0.4 t=0.5 t=0.6 


0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.110 0.134 0.142 0.135 0.114 0.085 0.054 —0.019 —0.018 —0.013 
0.214 0.261 0.278 0.265 0.227 0.173 0.114 —0.032 —0.032 —0.024 
0.307 0.374 0.399 0.383 0.333 0.261 0.179 —0.034  —0.039 —0.031 
0.385 0466 0497 0480 0.424 0.340 0.245 —0.025 —0.038 —0.034 
0.445 0.534 0.569 0.551 0.492 0405 0.303 —0.008 —0.030  —0.033 
0.486 0.576 0.609 0.591 0.533 0447 0.346 +0.013 —0.019 —0.028 
0.509 0.594 0.622 0.603 0.547 0466 0.371 0.035 —0.005 —0.021 
0.515 0.590 0.611 0.589 0.535 0.462 0.376 0.055 +0.010 —0.014 
0.508 0.569 0.580 0.555 0.505 0.439 0.365 0.061 0.023 —0.005 
0.490 0.536 0.537 0.508 0.461 0404 0.341 0.083 0.034 -+0.002 
0.465 0495 0485 0453 0.409 0.360 0.308 0.090 0.043 0.009 
0.434 0449 0.430 0.395 0.354 0.314 0.271 0.093 0.050 0.015 
0.402 0403 0.376 0.339 0.301 0.266 0.233 0.093 0.054 0.020 
0.366 0.354 0.322 0.284 0.250 0.220 0.194 0.089 0.055 0.024 
0.331 0.310 0.273 0.236 0.204 0.180 0.160 0.083 0.055 0.027 
0.297 0.268 0.229 0.193 0.165 0.144 0.129 0.076 0.054 0.028 
0.235 0.197 0.157 0.125 0.103 0.089 0.081 0.061 0.048 0.029 
0.182 0.140 0.104 0.078 0.062 0.053 0.048 0.047 0.040 0,028 

















TABLE XVII. 


MULLIKEN, RIEKE, ORLOFF, 





AND ORLOFF 













































TABLE XVIII. 


S(2po, 3po) 
Dp t= —0.6 =—0.5 i= —-—04 t= —0.3 t= —0.2 t=—-—0.1 t=0.0 =0.1 t=0.2 t=0.3 t=0.4 ~=0.5 {=0.6 
0.0 —0.479 —0.667 —0.826 —0.937 —0.989 —0.979 —0.913 —0.801 —0.659 —0.505 —0.354 —0.222 —0.120 
0.5 —0.462 —0.640 —0.790 —0.894 —0.942 —0.934 —0.872 —0.768 —0.636 —0.490 —0.347 —0.220 —0.120 
1.00 —0.414 —0.564 —0.687 —0.771 —0.811 —0.805 —0.757 —0.674 -—0.567 —0.446 —0.323 —0.211 —0O.118 
1.5 —0.343 —0.453 —0.537 —0.593 —0.618 —0.615 —0.585 —0.531 —0460 —0.375 —0.284 —0.194 —0.114 
2.0 —0.261 —0.324 —0.365 —0.389 —0.398 —0.396 —0.384 —0.362 —0.330 —0.285 —0.230 —0.168 —0.107 
2.5 —0.177 —0.194 —0.195 —0.187 —0.180 —0.178 —0.181 —0.188 —0.192 —0.187 —0.169 —0.136 —0,004 
3.0 —0.097 —0.076 —0.042 —0.010 +0.010 +0.013 —0.002 —0.029 —0.062 —0.089 —0.104 —0.101 —0.080 
3.5 —0.028 +0.022 +0.081 +0.130 0.159 0.163 +0.142 +0.102 +0.050 —0.002 —0.043 —0.064 —0.063 
4.0 +0.027 0.099 0.172 0.230 0.264 0.268 0.245 0.198 0.136 +0.070 +0.012 —0.029 —0.045 
4.5 0.070 0.153 0.232 0.292 0.326 0.330 0.307 0.260 0.196 0.124 0.056 +0.003 —0.027 
5.0 0.101 0.187 0.264 0.321 0.351 0.355 0.334 0.291 0.231 0.161 0.090 0.029 —0.011 
5.5 0.122 0.205 0.275 0.324 0.350 0.353 0.335 0.298 0.246 0.182 0.113 0.050 +0.004 
6.0 0.134 0.210 0.270 0.310 0.330 0.331 0.317 0.287 0.244 0.189 0.127 0.066 0.016 
6.5 0.139 0.206 0.256 0.286 0.299 0.299 0.288 0.265 0:232 0.187 0.133 0.077 0.026 
7.0 0.138 0.194 0.232 0.253 0.261 0.259 0.251 0.235 0.211 0.177 0.133 0.082 0.034 
ye 0.134 0.179 0.207 0.220 0.222 0.220 0.213 0.203 0.186 0.162 0.128 0.085 0.040 
8.0 0.127 0.162 0.181 0.186 0.185 0.182 0.177 0.171 0.161 0.145 0.120 0.084 0.044 
9.0 0.109 0.127 0.131 0.128 0.122 0.118 0.115 0.115 0.114 0.110 0.099 0.078 0.047 
10.0 0.089 0.095 0.091 0.083 0.076 0.072 0.071 0.072 0.075 0.078 0.076 0.067 0.046 




































TABLE XIX. 


S(3s, 3s) S(3pe, 3pa) S(3s, 3po) S(3s, 3s) S(3pe, 3pc) S(3s, 3po) 
p t=0.0 t=0.0 t=0.0 Dp i=0.0 1=0.0 t=0.0 
0.0 1.000 — 1,000 0.000 6.4 0.328 0.377 0.371 
0.5 0.992 —0.965 0.096 6.6 0.306 0.368 0.352 
1.0 0.968 — 0.866 0.189 6.8 0.285 0.358 0.333 
Lo 0.932 —0.715 0.276 7.0 0.264 0.346 0.314 
2.0 0.885 —0.531 0.354  P 0.245 0.333 0.295 
bo 0.832 — 0.333 0.419 74 0.227 0.319 0.277 
3.0 0.772 —0.140 0.468 7.6 0.209 0.304 0.259 
33 0.708 0.031 0.499 7.8 0.193 0.288 0.241 
4.0 0.641 0.171 0.511 8.0 0.177 0.273 0.225 
4.5 0.572 0.273 0.504 8.5 0.141 0.233 0.185 
5.0 0.504 0.342 0.483 9.0 0.114 0.195 0.151 
avd 0.477 0.359 0.470 9.5 0.089 0.161 0.121 
5.4 0.451 0.372 0.457 10.0 0.070 0.130 0.096 
5.6 0.425 0.380 0.441 10.5 0.054 0.104 0.076 
5.8 0.400 0.385 0.425 11.0 0.041 0.082 0.059 
6.0 0.375 0.385 0.407 115 0.031 0.064 0.045 
6.2 0.351 0.382 0.389 12.0 0.024 0.050 0.034 
















































S(5s, 5s) S(Spe, Spo) S(5s, Spa) S(5s, 5s) S(Spe, Spo) S(5s, Spo) 

p t=0.0 ¢=0.0 t=0.0 p t=0.0 t=0.0 t=0.0 
0.0 1.000 — 1.000 0.000 7.0 0.417 0.413 0.445 
0.5 0.994 —0.979 0.072 7.5 0.367 0.418 0.411 
1.0 0.977 —0.917 0.142 8.0 0.320 0.407 0.374 
1.5 0.950 —0.819 0.210 8.5 0.276 0.384 0.334 
2.0 0.915 — 0.693 0.273 9.0 0.235 0.354 0.294 
2.5 0.874 — 0.547 0.331 9.5 0.198 0.318 0.255 
3.0 0.828 — 0.390 0.383 10.0 0.166 0.281 0.218 
3.5 0.780 —0.231 0.427 10.5 0.137 0.244 0.185 
4.0 0.730 —0.079 0.462 11.0 0.113 0.208 0.154 
4.5 0.679 0.059 0.486 11.5 0.091 0.175 0.127 
5.0 0.627 0.177 0.499 12.0 0.074 0.145 0.104 
5.5 0.574 0.272 0.501 12.5 0.059 0.119 0.084 
6.0 0.521 0.343 0.491 13.0 0.047 0.097 0.067 
6.5 0.468 0.389 0.472 
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OVERLAP INTEGRALS 


TABLE XX. 








S(2pr, 2pm) S(2px, 2pr) 
t=0.2 1=0.3 t=0.2 t=0.3 


0.903 0.790 0.162 0.157 
0.882 0.772 
0.823 0.723 
0.737 0.652 
0.638 0.568 
0.535 0.481 
0.437 0.398 
0.401 0.367 
0.366 0.337 
0.334 0.309 
0.303 0.283 
0.275 0.258 
0.248 0.234 
0.224 0.213 
0.201 0.193 
0.181 0.174 
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TABLE XXI. 








S(2px, 2pm) 
t= —0.1 t=0.0 t=0.2 i=0.4 


0.979 0.913 0.659 0.354 
0.963 0.899 0.652 0.352 © 
6.920 0.860 0.628 0.344 
0.851 0.798 0.591 0.331 
0.765 0.720 : 0.542 0.313 
0.672 0.633 0.486 0.290 
0.571 0.542 0.426 0.264 
0.477 0.454 0.366 0.237 
0.389 0.373 0.308 0.209 
0.312 0.301 0.255 0.182 
0.246 0.238 0.208 0.157 
0.223 0.216 0.191 
0.202 0.195 0.175 
0.195 0.192 0.186 0.167 0.133 
0.182 0.176 0.160 
, 0.164 0.159 0.146 
0.136 0.156 0.155 0.147 0.143 0.133 0.112 
0.115 0.124 0.120 0.112 0.109 0.104 0.093 
0.097 0.097 0.092 0.084 0.082 0.081 0.077 
0.082 0.076 0.070 0.062 0.061 0.062 i 0.063 
0.068 0.059 0.053 0.046 0.045 0.048 0.052 
0.048 0.036 0.030 0.024 0.024 0.027 0.034 
0.033 0.021 0.017 0.012 0.012 0.015 0.022 











TABLE XXII. 





S(2pr, Spr) S(2px, 5p) 
1=0.0 t=0.1 t=0.0 


0.726 0.58 0.093 
0.707 0.563 0.072 
0.677 0.543 0.055 
0.635 0.515 0.041 
0.584 0.482 0.030 
0.526 0.438 0.023 
0.464 0.393 0.017 
0.401 0.345 0.012 
0.341 0.298 0.009 
0.284 0.253 0.007 
0.234 0.212 0.005 
0.189 0.174 0.003 
0.151 0.142 0.002 
0.119 0.114 0.002 
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TABLE XXIII. 


























































































































S(3px, 3pm) S(Spx, 5p) S(3px, 3px) S(Spr, 5p) 
p t=0.0 1=0.0 p t=0.0 t=0.0 
0.0 1.000 1.000 6.4 0.184 0.338 4 
0.5 0.988 0.993 6.6 0.167 0.317 0.0 
1.0 0.955 0.972 6.8 0.152 0.297 0.5 
1.5 0.901 0.938 7.0 0.137 0.277 1.0 
2.0 0.832 0.893 72 0.124 0.259 3 
20 0.752 0.839 7.4 0.112 0.241 2.0 
3.0 0.666 0.778 7.6 0.101 0.224 a2 | 
ee 0.578 0.712 7.8 0.091 0.208 a 
4.0 0.493 0.644 8.0 0.081 0.193 2.6 | 
4.5 0.413 0.575 8.5 0.062 0.159 28 | 
5.0 0.341 0.508 9.0 0.046 0.130 30 1 
52 0.314 9.5 0.035 0.105 an 3 
5.4 0.289 10.0 0.026 0.084 3.4 ( 
. ao 0.443 10.5 0.067 3.6 
5.6 0.265 11.0 0.053 3.8 
5.8 0.243 115 0.042 
6.0 0.222 0.383 12.0 0.033 
6.2 0.202 0.360 12.5 0.025 
VII. TABLES OF SELECTED HYBRID SLATER-AO 
OVERLAP INTEGRALS*** 
p 
TABLE XXIV. 
0.0 
0.5 O 
S(1s, 2dic) S(1s, 2dic) 1.0 0O 
{= t= t= t= t= t= i= t= t= t= 15 0 
p —-05 -04 -03 -02 -O1 ¢=0.0 ¢=0.1 ¢=0.2 p —05 -04 -03 -02 -O1 ¢=00 ¢=0.1 ¢=0.2 20 O 
0.0 0.612 0.543 0.461 40 0.381 0.414 0.439 0.457 0.472 0.483 0.489 0.486 om ; 
0.5 0.669 0.757 0.812 0.832 0.818 0.773 0.704 0.611 4.2 0.442 0.450 0.451 26 0 
1.0 0.704 0.807 0.878 0.914 0.913 0.879 0.814 0.723 4.4 0.403 0.412 0.417 28 0 
1.5 0.697 0.804 0.881 0.925 0.936 0.914 0.860 0.778 45 0.317 0.336 0.350 0.362 0.372 30 0 
2.0 0.658 0.758 0.831 0.877 0.895 0.884 0.845 0.778 4.6 0.366 0.377 0.384 32 0 
2.2 0.636 0.730 0.800 0.846 0.865 0.858 0.825 0.765 5.0 0.260 0.269 0.274 0.280 0.288 0.299 0.311 0.323 34 0 
2.4 0.611 0.699 0.765 0.809 0.829 0.826 0.798 0.746 5.5 0.228 0.241 0.256 36 0. 
2.6 0.583 0.665 0.727 0.768 0.789 0.789 0.767 0.722 6.0 0.171 0.166 0.162 0.160 0.163 0.171 0.184 0.200 3.8 
2.8 0.555 0.630 90.686 0.725 0.746 0.748 0.731 0.694 6.5 0.127 0.138 0.155 : 
3.0 0.526 0.593 0.644 0.680 0.700 0.705 0.693 0.662 7.0 0.110 0.100 0.092 0.088 0.088 0.093 0.103 0.118 
3.2 0.496 0.556 0.601 0.634 0.654 0.660 0.653 0.629 75 0.067 0.076 0.089 
3.4 0.466 0.519 0.559 0.588 0.607 0.615 0.612 0.594 8.0 0.070 0.058 0.050 0.046 0.045 0.048 0.055 0.067 
3.6 0.437 0.483 0.518 0.543 0.561 0.570 0.570 0.558 9.0 
3.8 0.526 0.529 0.522 10.0 
TABLE XXV. p 
0.0 
S(1s, 2tre) S(1s, 2ira) 0.5 
= i= t= t= t= t= t= t= t= t= 1.0 
p —05 -04 -03 -02 -O1 ¢=00 ¢#=01 ¢=0.2 y -05 -04 -03 -02 -O1 ¢=00 ¢=01 1¢=0.2 1.5 
0.0 0.500 0.443 0.376 4.0 0.360 0.399 0.428 0.452 0.471 0.485 0.493 0.493 7 
0.5 0.574 0.655 0.708 0.731 0.727 0.689 0.631 0.551 4.2 0.444 0.455 0.458 3.0 
1.0 0.624 0.725 0.797 0.838 0.845 0.821 0.765 0.684 4.4 0.405 0.417 0.424 32 
1.5 0.633 0.740 0.821 0.871 0.890 0.876 0.831 0.756 45 0.301 0.325 0.343 0.358 0.372 3.4 
2.0 0.606 0.708 0.788 0.840 0.866 0.862 0.830 0.769 4.6 0.369 0.381 0.391 36 
2.2 0.588 0.686 0.762 0.814 0.841 0.841 0.814 0.759 5.0 0.247 0.260 0.270 0.278 0.289 0.302 0.316 0.329 38 
2.4 0.567 0.659 0.732 0.782 0.810 0.813 0.791 0.743 55 0.231 0.245 0.262 40 
2.6 0.544 0.630 0.697 0.746 0.773 0.779 0.762 0.722 6.0 0.163 0.162 0.160 0.160 0.165 0.174 0.187 0.205 42 
2.8 0.519 0.598 0.661 0.706 0.733 0.741 0.729 0.696 6.5 0.129 0.141 0.158 44 
3.0 0.493 0.565 0.622 0.664 0.690 0.701 0.693 0.666 7.0 0.105 0.097 0.091 0.088 0.089 0.094 0.105 0.12! ‘ 
3.2 0.466 0.531 0.583 0.621 0.646 0.658 0.655 0.634 y Be 0.068 0.077 0.091 ae 
3.4 0.439 0.497 0.543 0.577 0.601 0.614 0.615 0.599 8.0 0.067 0.057 0.050 0.046 0.046 0.049 0.056 0.06 
3.6 0.412 0.463 0.504 0.534 0.557 0.571 0.574 0.564 9.0 0.025 0.029 0.038 
3.8 0.527 0.534 0.529 10.0 0.012 0.015 0.020 























*** See Section III, especially Eqs. (12), (13), for definitions and conventions, and Eqs. (9), (78), (79) for the hybrid S$ formulas. 


OVERLAP INTEGRALS 


TABLE XXVI. 














S(1s, 2ter) S(1s, 2teo) 
i= {= {= t= t= t= 
—0.3 —0.2 —0.1 —0.3 —0.2 —0.1 


0.417 0.443 0.464 





0.643 0.667 0.664 
0.744 0.787 0.798 
0.778 0.832 0.854 
0.754 0.810 0.839 
0.732 0.787 0.818 
0.705 0.758 0.789 
0.673 0.724 0.755 
0.639 0.687 0.718 
0.603 0.647 0.677 
0.565 0.606 0.634 
0.527 0.565 0.591 
0.490 0.523 0.548 


0.335 0.352 0.368 
0.264 0.274 0.286 
0.157 0.158 0.163 
0.089 0.087 0.088 
0.049 0.046 0.046 
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TABLE XXVII. 














S[1s, 2(@ =}4)] S[is, 2(a 
t= t= i= t= f= 
—0.3 —0.2 —0.1 —0.3 —0.2 


0.385 0.415 





0.498 0.524 0.528 
0.619 0.665 0.684 
0.673 0.731 0.762 
0.668 0.730 0.766 
0.653 0.714 0.751 
0.633 0.691 0.729 
0.608 0.664 0.701 
0.580 0.633 0.668 
0.549 0.598 0.633 
0.517 0.562 0.595 
0.483 0.525 0.556 
0.450 0.488 0.517 


0.311 0.331 
0.245 0.259 
0.146 0.150 
0.084 0.082 
0.046 0.044 
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TABLE XXVIII. 











S(2die, S(2teo, S[2(a=}), : i S[2(a=}), 
2die) 2tec) 2(a=}))] 2(a =})] 
t=0.0 t=0.0 t=0.0 t=0.0 


0.000 — 0.500 —0.778 0.573 
0.172 —0.325 — 0.625 0.552 
0.382 — 0.076 —0.375 0.527 
0.590 +0.195 — 0.087 0.458 
0.758 0.436 +0.181 0.385 
0.871 0.622 0.402 0.316 
0.907 0.719 0.532 0.253 
0.907 0.742 0.568 0.199 
0.898 0.753 0.593 0.154 
0.882 0.756 0.608 0.118 
0.860 0.750 0.614 0.089 
0.832 0.738 0.613 0.066 
0.801 0.720 0.606 0.049 
0.765 0.696 0.592 
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Stroboscopically illuminated particle tracks are used to accurately measure normal burning velocities of 


laminar flames. The precision of the measurements is increased by the use of a constant-velocity profile 
nozzle which gives a straight-sided Bunsen cone. Normal burning velocity data are presented for 3.7 to 5.3 
percent propane-air mixtures. The value for the stoichiometric flame was determined to be 44.8 cm/sec. 
From stroboscopic and streak photographs of particle tracks it is possible to obtain the maximum flame 
temperature and temperature distribution in the flame front. Measurements from the two types of photo- 
graphs are combined with the equation of continuity and the equation of state to obtain the flame tempera- 
ture. The flame temperature for a stoichiometric propane-air flame was determined to be 2220°K. An ex- 
tension of this method is used to obtain an approximation of the temperature distribution in the flame front. 








TABLE OF NOMENCLATURE 


u= velocity of gas. 
b=distance between streamlines measured parallel to the 
flame front. 
A=cross-sectional area of the stream tube. 
r=radius from axis of flame to stream line. 
a=angle between flame front and the vertical. 
B=angle between flame front and emergent streamline on the 
hot side of the flame. 
p=density of gas. 
M=mean molecular weight of gas. 
M;=molecular weight of ith component of gas. 
n;= number of moles of ith component of gas. 
V=molar volume of gas. 
R=gas constant. 
P= total pressure. 
T=absolute temperature. 
Subscript 1 refers to initial gas. 
Subscript 2 refers to exit gas. 
Subscript refers to velocity component normal to flame front. 


PART I. NORMAL BURNING VELOCITIES FROM 
STROBOSCOPICALLY ILLUMINATED 
PARTICLE TRACKS 


Introduction 


EVERAL different experimental procedures have 

been proposed for the determination of the normal 
burning velocities of Bunsen flames. All of these methods 
involve the measurement of flame areas or cone angles. 
These quantities are difficult to define accurately be- 
cause of the thickness of the flame front and the curva- 
ture of the flame. Additional errors are introduced by 
the pre-heating of the unburned gas at the top of the 
cone; the quenching of the burning gas at the base of 
the flame; and divergence of the streamlines in the 
unburned gas. The stroboscopically illuminated particle 
method of Lewis and von Elbe! allows measurements to 
be made at any point in the flame, thus eliminating 
most of the above mentioned uncertainties. Therefore, 


* This work was carried out under Contract NOrd 9938 between 
the Navy Bureau of Ordnance and the University of Wisconsin. 

¢ Present address: Monsanto Chemical Company, 
Ohio. 

Tt Present address: The Texas Company, Beacon, New York. 

1 B. Lewis and G. von Elbe, J. Chem. Phys. 11, 75 (1943). 
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in this work, a modified version of their procedure is 
used. The straight tube is replaced with a constant- 
velocity profile nozzle producing a straight-sided 
flame cone. 

The normal burning velocity of a laminar flame is 
defined as the rate of flame propagation normal to the 
surface of combustion and relative to the cold gas. 
Figure 1 illustrates the application of the above defini- 
tion to a Bunsen type flame. 

To obtain the necessary data for the determination 
of u%n1 particles of magnesium oxide are introduced into 
the base of the burner tube. When the particles appear 
in the flame, they are illuminated by a periodically 
intermittent sheet of light in the plane of the diameter. 
A photograph of the particles at right angles to the beam 
of light records the tracks. From the length of the 
particle tracks and the time interval of illumination the 
filament velocity may be calculated. 

Thus, measurements of normal burning velocity may 
be made at any point along the Bunsen cone. This 
property is constant in the central portion of the side 
of the cone, where pre-heating at the tip and quenching 
at the base have negligible effect. 


Apparatus 


The equipment used in this study is illustrated in 
Fig. 2. Heavy construction was utilized to give maxi- 
mum rigidity. To eliminate the effects of vibrations, the 
motor driven stroboscopic disk is mounted independ- 
ently of the burner housing. As a further precaution, the 
entire burner housing is mounted on soft rubber. 

The burner tube is 54 inches long, 2.00 inches in 
diameter, and topped by a copper nozzle made by an 
electroforming process.? This nozzle has a smooth in- 
ternal surface, a wall thickness at the top of 0.040 inch, 
and an exit diameter of 0.500 inch. Magnesium oxide 
particles are introduced at the bottom of the burner 
from a particle-feeding chamber containing steel wool 
pads at top and bottom. A charge of particles is placed 
between these pads; the lower pad serves to support 


2 J. W. Andersen, Rev. Sci. Inst. 19, 822 (1948). 
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BURNING VELOCITIES AND FLAME TEMPERATURE 
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Fic. 1. Definition of normal burning velocity. us= filament 
velocity, #n1=normal burning velocity= uy sina. 


the charge, and the upper breaks up agglomerates. By 
diverting the gas flow through the feeder, particles are 
obtained in the flame. Their presence is detected by the 
yellow light produced by the small amount of sodium 
in the particles. 

A standard type high peak, long-duration flash bulb 
provides illumination which is rendered intermittent 
by a sectored wheel driven by a synchronous motor. 
This light passes through a pair of slits arranged so that 
the thickness of the sheet of light along the plane of the 
diameter of the burner tube never exceeds 0.02 inch. 

Photographs are taken on 4X5 inch film, and an ex- 
tension bellows on the camera provides images on the 
negative with up to a threefold magnification. For con- 
venience in making measurements, the negatives are 
enlarged tenfold. Because small quantities of sodium in 
the particles produce strong D-lines in the flame, ortho- 
chromatic film is used to avoid masking of the particle 
tracks. Increased emulsion speeds are obtained by heat- 
ing the film to 70°C just prior to exposure. To obtain 
definition of particle tracks, it is necessary to keep 
the background on the negative low by use of short 
exposures. 

Gas mixtures are provided by a critical velocity orifice 
metering system.* This system accurately meters three 
separate gas streams and then mixes them. 


Particles 


The size range of particles delivered by the particle 
feeder was determined by catching samples on a micro- 
scope slide at the top of the burner tube. This test was 
tun on samples of magnesium oxide supplied by two 
different manufacturers. In one sample the largest size 
observable was 20 microns and it was 40 microns in the 
other sample. 


* J. W. Andersen and R. Friedman, Rev. Sci. Inst. 20, 61 (1949). 
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The success of the stroboscopically illuminated par- 
ticle method depends upon the ability of the particle 
to accurately indicate the filament velocity. A sample of 
particles from the larger size range mentioned above 
was added to the gas stream and a photograph of the 
non-ignited jet taken. It was found that the total flow 
measured from particle tracks agreed to within 1 per- 
cent of the metered value. Across the flat portion of the 
velocity profile (90 percent of the diameter for the 0.500- 
inch exit diameter nozzle) individual particle tracks 
were within 0.3 percent of the average value. 


Results 


Figure 3 illustrates the photographs obtained... The 
central portion of the flame front, indicated in Fig. 3 
between the short lines ruled perpendicular to the flame 
front, is the zone over which the normal burning velocity 
can be accurately measured. This section is not subject 
to the pre-heating effect which occurs at the tip of the 
flame, or to the divergence of streamlines that occurs 
near the base of the cone. The divergence of the stream- 
lines in the unburned gas is caused by the pressure drop 
across the flame and by the lower gas velocities near 
the edge of the nozzle. 

The propane used in the following experiments was 
stated by the manufacturer to have a purity of 99 
percent. Precautions were taken to keep the water in 
the fuel-air mixture below 0.07 percent. 

The use of the nozzle simplifies the measurement of 
the angle of the flame front because a straight-sided 














Fic. 2. Burner housing. A, Flash bulb; B, Stroboscopic disk; 
C, Slits; D, Nozzle; Z, Camera; F, Particle feeder. 
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TasBie I. 








Normal 
burning 
velocity 


45.1 cm/sec 
44.6 


43.9 
45.6 
45.7 
45.0 
45.0 cm/sec 


Film 
number 

54 Nozzle 147 cm/sec 

57e Nozzle 92.0 

58e Nozzle 100.5 

59a Nozzle 159 

61b Straight tube 247 

61b Straight tube 289 


Filament 


velocity Angle 


i ay 
a. 0 
28° 30’ 
16° 40’ 
10° 40’ 
9° 30’ 
Average: 


Flow conditions 











Bunsen cone is formed. The normal burning velocities 
that were measured are presented in Fig. 4. 

The values of uw»; for a 4.12 percent propane-air 
mixture, obtained with the nozzle and a straight tube 
of the same exit diameter, are given in Table I and 
illustrate the agreement under the two different flow 
conditions. 

Filament velocities were calculated from the meas- 
ured lengths of particle tracks and the time of the light 
cycle. Nozzle flame angles were measured in the zone 
previously described. For the straight tube flames, the 
best tangent to the flame front (as indicated by the 
luminous zone) at the intersection of the filament whose 
velocity was measured, determined the flame angle. 
The spread in the data presented represents the maxi- 
mum deviation which has been observed. 

The range of composition, for which the normal burn- 
ing velocity has been determined, is limited by the size 
of the nozzle. Outside of this composition range, the 
flow rate required to maintain a flame on the nozzle is 
too low to produce a straight-sided cone. 


PART II. FLAME TEMPERATURES FROM 
STROBOSCOPICALLY ILLUMINATED 
PARTICLE TRACKS 


Introduction 


The measurement of the temperature of laminar 
flames has generally been accomplished by the use of 
line-reversal techniques. These methods can be applied 
most readily to the zone outside the Bunsen cone. It is 
felt that much information may be gained by the deter- 
mination of the temperature gradient in the cone itself. 
However, optical methods are not feasible in this study 
because of the relatively large area which must be ob- 
served. The insertion of wires for the application of 
thermoelectric techniques would disturb the flow lines. 

The procedure presented here may be used for the 
study of temperature gradients in the Bunsen cone. 
With the aid of stroboscopic and streak photographs, 
the gas particle velocities on both sides of the flame 
front are determined. These velocity measurements are 
then combined with the equation of continuity and the 
equation of state to yield the flame temperature. 


Method 


Figure 5 illustrates the cross section of a stream tube 
through a Bunsen cone as indicated by particle tracks. 


In the case of laminar flow, the equation of continuity 
for a stream tube is given by 


U1pi1A1=U2pr2A2, (1) 


where the velocities are perpendicular to the areas 
considered. 

With a pair of dividers, it can be readily demon- 
strated from Fig. 6 that the distance between stream- 
lines is constant when measured parallel to the flame 
front. That is to say: 


b= bo. 


For ease of application, consider an infinitely thin 
stream tube, for which 
db, = db. 
Since there is cylindrical symmetry, Eq. (1) may be 


written as follows: 


Unipi27r db; = Unop22TPr dbo, 
hence 
UniP111= Un2pr2. (2) 


The density terms from the equation of state are: 


Fic. 3. Stroboscopically illuminated particle track photograph. 
3.87 percent propane-air, total flow 175.2 cc/sec., exit diameter 0 
nozzle 0.500 in., initial gas temperature 298°K barometer 731 mm 
Hg, light cycle 1/1800 sec. 
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Fic. 4. Propane-air normal burning velocities. The different 
symbols represent data taken at various dates. 


and 
M, (2n:iM;)2 
p2=— P». 


Ve > (2n;)oRT> : 


Since the pressure drop across the flame is very low, P: 
may be taken as equal to P2. Substituting for the den- 
sity in Eq. (2) and observing that (2”;M;)i1=(Zn:M,)o, 
the following relationship is obtained: 


(Zm,)1 2 Une 
(2mi)o 71 Uni 








wherein “,2=u,sin8, where wu, is the resultant exit 
velocity of the particle. 


Experimental Procedure 


To demonstrate the application of the above method, 
a 3.87 percent propane-air flame will be considered. This 
flame was established on a constant-velocity profile 
nozzle and particles were introduced into it by the 
method outlined in Part I. Stroboscopic photographs 
were taken of the particles for determination of emer- 
gent velocities (#,) and streak photographs were taken 
for the determination of emergent angle £. 

A study of Figs. 3 and 6 will reveal that some of 
the particles do not appear to follow the streamlines as 
well as others. Those particles which show this deviation 
are either too large or do not lie in the plane of the 
diameter. If the particles lie in this plane and are the 
same size, the paths of particles close together should 
be parallel. It is to be observed from the figures that 
those particles which appear to be small exhibit parallel 
paths. Also, they have the largest emergent angles, 
which indicates a more faithful representation of the 
streamline. Thus, correct results will be obtained if 
measurements are confined only to those tracks which 
appear to be from small particles. Unfortunately, these 


AND FLAME TEMPERATURE 


LUMINOUS ZONE 










Fic. 5. Cross section of a stream tube through a Bunsen cone. 


tracks are not the easiest to work with and need for an 
alternate method arises. 

It will be observed from the photographs that many 
of the tracks of apparently larger particles become 
parallel to tracks of the smaller particles a short distance 
from the cone. These tracks may be extrapolated back 
to the luminous zone as indicated in Fig. 6, and are then 
equivalent to those made by the smaller particles. 

To eliminate incidental errors, sines of the emergent 
angles and particle velocities are plotted against an 
arbitrary abscissa as indicated in Fig. 7. In this case, 
the abscissa chosen is the distance along the outside of 
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Fic. 6. Streak photograph. 3.87 percent propane-air, total flow 
175.2 cc/sec., exit diameter of {nozzle 0.500 in., initial gas tem- 
perature 298°K, barometer 731 mm Hg. 
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Taste II. 
Percent Measured Theoretical 
propane temperature temperature 
4.03% (Stoichiometric) 2220°K 2280°K 
3.87% 2240 2250 
3.81% 2230 2240 











the luminous zone from the point of intersection of the 
particle track to the reference point denoted by the 
white cross on Fig. 3 and Fig. 6. The above method 
makes possible the use of separate streak and strobo- 
scopic particle photographs. 

Since u4n2(r2/r1) =u,(r2/r1) sinB, consistent values for 
Un2(f2/7;) are obtained by multiplying the two ordinate 
values for a given abscissa in Fig. 7. If the best straight 
lines are drawn through the points, it is seen that 
Un2(r2/r1) is constant within 1 percent over the zone 
considered. The maximum deviation of any point from 
the straight line is 2 percent. 

To determine the factor (2m,)1/(2m;)2, the necessary 
data for (2”;)2 was obtained from equilibrium consider- 
ations by the method described by Wenner‘ and (2m,); 
from the equation 


C3Hs+5.21 O.+ 19.6 No 
=3 CO.+4 H,0+19.6 N2+0.21 Os. 


This represents the combustion of one mole of propane 
in the 3.87 percent propane-air mixture. At the tem- 
perature 2250°K, the dissociation products of CO. and 
H,O increase the total number of moles of reaction 
products from 26.8 to 27.0. 
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Fic. 7. Plot of sin8 and (r2/r1)u, for determination of un. 
Two runs are represented in this figure. 


4R. Wenner, Thermochemical Calculations (McGraw-Hill Book 
Company, Inc., New York, 1941), pp. 236-242. 





ANDERSEN AND R. 








S. FEIN 






The following substitution may be made in Eq. (3) to 


obtain the flame temperature: 


T,=298°K, 
(=n;) 1/(Zn;)2= 25.8/27.0, 
(12/11) Une= (r2/r1)u, sinB=0.795, 
Uni = Uz Sina=0.296 sin20.0°=0.1012. 


Then T2= (298) (25.8/27.0)(0.795/0.1012) = 2240°K. 

In this manner the data in Table IT has been ob- 
tained. 

It is worthwhile to note that Lewis and von Elbe’ list 
a value of 2198°K for a 4.15 percent propane-air mix- 
ture. In the present work, flame temperatures were not 
determined for rich mixtures because of the difficult 
equilibrium calculation of the number of moles of 
burned gas. 


Approximate Temperature Distribution 
in the Flame Front 


After careful study of many photographs, several par- 
ticle tracks were located which appeared to follow 
closely the very high acceleration which occurs in the 
flame zone. This was shown by an angle 8, in the 
luminous zone, that agreed with the extrapolated values. 
By use of these tracks, it was possible to obtain the 
temperature gradient in the flame. 

To determine the temperature gradient in the flame, 
it was necessary to assume the manner in which the 
velocity parallel to the flame front varies; the manner 
in which the change in number of moles occurs; and, 
of almost negligible consequence, that radial expansion 
through the flame front can be neglected. With no 




















Fic. 8. Determination of temperature distribution 
in flame front. 


5 B. Lewis and G. von Elbe, Combustion, Flames, and Explosions 
of Gases (The Macmillan Company, New York, 1938), p. 399. 
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BURNING VELOCITIES AND FLAME TEMPERATURE 


reliable information, the simplest assumption is that the 


change in moles and the change of velocity parallel to 
the flame front are linear with the distance normal to 
the flame front. The velocity assumption is most subject 
to criticism, but it should be pointed out that the in- 
crease in this component of velocity is only 25 percent. 

The procedure in the determination of the tempera- 
ture gradient in the flame front is shown in Fig. 8. The 
illustrated particle tracks are direct tracings of enlarged 
streak photographs. Actual distances are indicated: 1.0 
mm is the point of first deflection of the streaks and 
0.0 mm is the center of the visible zone. In brief, the 
analysis of these tracks is as follows: 


a. The parallel velocity vector is drawn in as shown. This vector 
was assumed to vary in a linear manner as indicated previously. 
Its magnitude at the 0.0 mm distance was determined trigo- 
nometrically from the resultant velocity and emergent angle; and 
at 1.0 mm from the cone angle and filament velocity. 

b. The tangent to the curve is drawn. This represents the direc- 
tion of the resultant velocity. 

c. The perpendicular to the flame front from the tip of the 
parallel vector is drawn. This is 7, and its length is determined by 
the intersection with the resultant vector. 

d. Insertion of the values of u, into Eq. (3) yields the tempera- 
ture distribution in the flame front. The gradient is indicated 
in Fig. 9. 


Discussion of Temperature Gradient 


The thickness of the flame front determined here is 
approximately 10-' cm. This may be compared with 
10 to 10~ cm for the decomposition of ozone obtained 
by Lewis and von Elbe® and 10~? cm for carbon monox- 
ide and 10-* cm for hydrogen obtained by Tanford.? 

It is of interest to calculate the temperature gradient 
of a hypothetical one-dimensional propane-air flame in 
which all of the heat release occurs at a plane. The 
steady-state heat transfer can be represented by: 


(@?T/dx*) — (uncpp/k)(dT/dx) =0, (4) 


where k/c,pp= thermal diffusivity. The solution of this 


6B. Lewis and G. von Elbe, J. Chem. Phys. 2, 537 (1934). 
™C. Tanford, J. Chem. Phys. 15, 433 (1947). 
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Fic. 9. Temperature gradient through a 3.87 percent propane- 
air flame. 
——— Experimental curve. 
-— —-- Theoretical curve with heat release at a plane. 


T-T, UnC pp 
— *exp(- r). (5S) 
T.—T, k 


equation is 


Since the propane has a negligible effect on the prop- 
erties of the fuel-air mixture at the lower temperature, 
the physical properties of dry air® were averaged over 
100°K intervals. These were substituted into Eq. (5) 
and the resulting temperature distribution is plotted in 
Fig. 9. 

The temperature at which heat release becomes im- 
portant is indicated by the place where the two curves 
of Fig. 9 begin to diverge. Evaluation of the rate of heat 
release through the flame would seem possible from the 
experimental curve, however, the errors involved in 
doing this graphically are too great to yield results. 
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8 Thermal conductivity evaluated from viscosity data of 


Hirschfelder, Bird, and Spotz, J. Chem. Phys. 16, 968 (1948) by 
the equation: k= (n/28.966) (c,+9/4). 
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A theoretical consideration of the volume of a van der Waals’ liquid suggests some new rules, comparable 


to that of Trouton, relating coefficients of expansion and compressibility to heats of vaporization. According 
to the simplest and most reliable of these new relationships, the product of the coefficient of cubical expansion 
and the heat of vaporization, aAH», is the same for many liquids and equal to about 10 cal./deg. It is further 
shown that at a given temperature, AH,8/V is also constant where £ is the compressibility and V the volume 
of the liquid. Certain corollary rules are derived by combining the above two with each other and with 
Trouton’s law. These new rules should prove of some value in estimating compressibilities and heats of 


vaporization from coefficients of expansion. 









INTRODUCTION 


T has frequently been demonstrated that van der 
Waals’ equation, although not quantitatively exact, 
can be used for the qualitative prediction of many 
phenomena exhibited by fluids. Although the equation 
has been most successfully applied to gases and vapors, 
it also appears to have considerable validity in de- 
scribing the behavior of liquids. For example, it has been 
possible to derive from van der Waals’ equation a vapor 
pressure relationship which has the correct functional 
form.! Moreover, it is possible to predict the orders of 
magnitude of the constants associated with certain 
empirical rules, such as those of Trouton or Guldberg 
and Guye. Numerous other conclusions can be drawn 
from van der Waals’ equation; these have been sum- 
marized by van Laar,” who thoroughly investigated the 
equation. 

The successful application of van der Waals’ equation 
in deducing vapor pressure and related formulas leads 
one to suppose that still other relationships might be 
forthcoming, especially in connection with the liquid 
state. Thus from a consideration of the volume of a van 
der Waals’ liquid, there can be derived some new 
general rules relating the coefficients of expansion and 
compressibility of liquids to their heats of vaporization 
or normal boiling points. The relationships are verified 
by comparison with published data, and are found to be 
about as reliable as Trouton’s rule. 

The conclusions of this paper do not constitute a 
verification of van der Waals’ equation; instead they 
test the more general law of corresponding states. In 
fact, by using Pitzer’s method for corresponding states, 
Guggenheim®* made certain deductions closely related 
to some of those set forth in the present article. 


COEFFICIENT OF THERMAL EXPANSION 


In the aforementioned theory of vapor pressures 
based on van der Waals’ equation,! use was made of the 


1F, T. Wail, J. Chem. Phys. 16, 508 (1948). 
2j. J. van Laar, Die Zustandsgleichung von Gasen and Fliissig- 
“ keiten (Leopold Voss, Leipzig, 1924) ; J. J. van Laar, Zeits. f. anorg. 
u. angew. Chemie 171, 42 (1928). 

*K. S. Pitzer, J. Chem. Phys. 7, 583 (1939). E. A. Guggenheim, 
3 ra Phys. 13, 253 (1945). 
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molar volume of a van der Waals’ liquid, the first ap- 
proximation to which is 


V=b+2RT/a, (1) 


where a and 6 are van der Waals’ constants. Employing 
the above expression for volume in connection with 
some basic thermodynamics, there was derived the 
following equation for the vapor pressure of a liquid: 


Inp=In(a/b?)—a/(bRT). (2) 


From Eq. (2) it is readily seen that the heat of vapori- 
zation is simply equal to a/b. 

Further examination of the volume of a van der 
Waals’ liquid suggests that a simple relationship should 
exist between the coefficient of thermal expansion and 
the heat of vaporization. If @ is used to denote the 
coefficient of thermal expansion, then the first ap- 
proximation to a will be given by 


a=(1/V)(aV/dT) »=bR/a. (3) 


Higher terms would involve the temperature and pres- 
sure, but such terms will be small compared to bR/a as 
long as a/b (the heat of vaporization) is large compared 
to RT and the pressure is well below the critical pres- 
sure. Recognizing that according to theory AH,=a/b, 
we see from (3) that 


adH,=R (a constant). (4) 


Equation (4) suggests that the coefficient of thermal 
expansion multiplied by the heat of vaporization should 
be a constant for all liquids. This prediction is a reason- 
able one, for it implies that a liquid which expands 
readily upon heating also requires little energy for 
evaporation. 

From a consideration of Trouton’s rule, 


AH,/T)=C, (5) 


where 7» is the normal boiling point, it is apparent that 
the coefficient of thermal expansion should also be 
inversely proportional to the normal boiling tempera- 
ture, or 

aT )=R/C (a constant). (6) 
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VAN DER WAALS’ 


To the best of our knowledge, Eqs. (4) and (6) have 
never been proposed as empirical relationships, so we 
have tested them by use of data contained in tables of 
physical constants. To provide a fair test of Eq. (4) it 
was felt desirable to utilize coefficients of thermal ex- 
pansion and heats of vaporization for one temperature, 
say 25°C. Satisfactory data of this type, especially heats 
of vaporization which are usually given at the normal 
boiling point, are not generally available for all classes 
of compounds. Suitable data were found, however, for 37 
hydrocarbons,*** and these are summarized in Table I. 
The product of a and AH, for the 37 hydrocarbons is 
found to be quite constant, the average value being 
10.1+0.4 cal./deg. Although the empirical constant is 
about five times larger than predicted (R=2 cal./deg.), 
the form of Eq. (4) is fully substantiated. 

Equation (4) is further tested by use of data for 63 
organic liquids*®® appearing in Table II. For these 
compounds the heats of vaporization correspond to the 
normal boiling points of the liquids and not to 25°C. For 
this set the average value of the product aAH, is 9.4 
+0.9 cal./deg. The principal reason for the greater 
variation in values (10 percent) is that the heats of 
vaporization were not all taken at the same tempera- 
ture. The lower value (9.4 instead of 10.1) is largely due 
to the inclusion of highly associated liquids, such as 
formic and acetic acids, which are of an abnormal 
nature. On the other hand, the products for butyric acid 
and higher members of this series are close to the aver- 
age value. Strangely enough, methyl and ethyl alcohol 
also appear to be quite normal on the basis of this 
criterion. 

When relationship (4) is tested for inorganic liquids® 
and for the elements in the liquid state’ (Table ITI) the 
agreement is not nearly so good. Water is definitely 
abnormal and certain metals such as zinc and mercury 
also show low values for the product aAH,. Copper, 
hydrogen, and magnesium, on the other hand, show 
abnormally high values. This behavior is not unexpected 
as such substances generally do not conform to other 
relationships of a similar nature. 

It is interesting to test Eq. (6) directly, although we 
would expect it to hold by virtue of Trouton’s rule 
whenever Eq. (4) is valid. Values of aT» for 37 hydro- 
carbons are listed in Table I and the average is found to 
be 0.464+0.032. The quotient aAH,/aT , which should 
be Trouton’s constant, is 22 or 20 cal./deg., depending 
on whether aA, is taken as 10.1 or 9.4. This agreement 
with Trouton’s constant is to be expected and does not 


3 Selected Values of Properties of Hydrocarbons (American Pe- 
troleum Institute Project 44, National Bureau of Standards, 
Washington, D. C., 1945). 

* Physical Constants of the Principal Hydrocarbons (The Texas 
Company, New York, 1943), 4th edition. 

5 Handbook of Chemistry and Physics (Chemical Rubber Pub- 
lishing Company, Cleveland, Ohio, 1947), 30th edition. 

®N. A. Lange’s Handbook (Handbook Publishers, Sandusky, 
1946), 6th ed. 

7 International Critical Tables (McGraw-Hill Book Company, 
Inc., New York, 1926), Vol. 1, p. 102. 
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TABLE I. Values of aAH, for 37 hydrocarbons at 25°C. 








AHy* 


a-10%> a@AH» To° 
Paraffins cal. . 


per°K cal/*“K °K aT» 





3605 3.240 
5035 2,304 
4570 =2.304 . 271.5 
6316 1.54 , 309 

5878 1.546 ; 302 

7540 =1.35 341.9 
7138 1.476 333.5 
6617 1.406 331.2 
8735 1.222 371.6 
8318 1.259 363.3 
8385 1.228 365.2 
6969 1.268 352.4 
6617 1.220 331.2 
353.7 
359.3 
354.1 
366.7 
398.9 
382.3 
383.0 
418.8 


n-propane 

n-butane 

2-methyl butane 
n-pentane 
iso-pentane 

n-hexane 

2-methyl pentane 
2,3-dimethyl butane 
n-heptane 

2-methyl hexane 
3-methyl hexane 
2,2-dimethyl pentane 
2,3-dimethyl pentane 
2,4-dimethy] pentane 
3,3-dimethyl pentane 
2,2,3-trimethyl butane 
3-ethyl pentane 
n-octane 
2,5-dimethyl hexane 
2,2,3-trimethyl pentane 
3,3-diethyl pentane 


231.1 
273.1 


0.749 
0.629 
0.602 
0.476 
0.467 
0.462 
0.492 
0.466 
0.454 
0.457 
0.470 
0.447 
0.404 
7860 
7892 
7657 


1.268 
1.223 
1.215 
8419 1.222 
9915 1.116 
9048 =1.19 

1.118 
1.044 


0.448 
0.439 
0.430 
0.448 
0.445 
0.455 
0.428 
0.437 


8823 
10360 


Cycloparaffins 
cyclopentane 
methyl cyclopentane 
cyclohexane 
methyl cyclohexane 


Olefins 


butene-1 
butene-2 
2-methyl propene 


6810 = 1.32 322.5 
7560 =1.25 48 345 
7895 1.20 353.7 
8451 1.18 ; 374 


0.436 
0.431 
0.424 
0.441 


4870 
5220 
4920 


2.052 
2.037 
1.954 


0.548 
0.558 
0.520 


266.9 
274.1 
266.3 


Aromatic 


benzene 
toluene 
o-xylene 
m-xylene 
p-xylene 

ethyl benzene 
pseudo cumene 


8090 = 1.215 
9080 «1.06 
10380 0.9181 
10195 0.999 
10128 1.02 
10100 0.955 
11457 0.95 
11346 0.937 
0.97 


353.3 
383.8 
417.6 
412.3 
411.6 
409.4 
442.5 
437.9 
432.4 


0.429 
0.407 
0.383 
0.412 
0.420 
0.391 
0.420 
0.410 
0.419 


mesitylene 
propyl benzene 


Average 10.1+0.4 0.464 +0.032 








® See reference 3. 
b See reference 4. 
© See reference 5. 


in any way test the validity of (4) or (6). Values of a7p 
for 63 miscellaneous organic liquids are given in Table II, 
and the average value of the product is 0.434+-0.027. 
The coefficients of thermal expansion are plotted 
against 1/AH, in Fig. 1, using the data of Table I, and it 
is seen that the points are well reproduced by a straight 
line passing through the origin and having a slope equal 
to 10.1. In Fig. 2 coefficients of thermal expansion are 
plotted against 1/7». The points in the graph represent 
all liquids appearing in Table I for which the normal 
boiling temperatures exceed 250°K. Liquids boiling 
below that temperature exhibit large deviations, pre- 
sumably because of irregularities in their a-values, which 
at 20°C must have been measured under high pressures. 
To establish more fully the trend for low boiling liquids, 
all compounds appearing in Table II having boiling 
points in the range 250-330°K are also included in 
Fig. 2. The solid line is drawn to pass through the origin 
and has a slope equal to 0.437. It is seen, however, that a 
better representation is given by the broken line, not 
passing through the origin, for which the equation is 


aT)=0.61—4.4X 10-7). (7) 


Taking aAH, as 10.1, we can derive from (7) a modified 
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TABLE II. Values of aAH, for 63 organic liquids 
(AH, at the normal boiling point). 
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AH. —- 1038 aAH, To 
A. Hydrocarbons cal. per°K cal/7K °K aT» 
Paraffins 
methane 2218 3.681 8.16 89.2 0.328 
ethane 3515 3.750 13.18 101.2 0.380 
decane 8878 1.06 9.41 447 0.473 
undecane 9144 0.9678 8.85 469.0 0.454 
dodecane 9351 0.9619 8.99 487.7 0.469 
tridecane 9494 0.9166 8.70 507 0.465 
tetradecane 9562 0.893 8.54 525.7 0.469 
pentadecane 9537 0.8573 8.18 543.7 0.466 
hexadecane 9487 0.8045 7.63 560.7 0.451 
Bicyclic Aliphatic 
tetralin — 0.96 10.06 480.4 0.461 
decalin (cts) 10575 9.09 
decalin (trans) 10147 (0.86) 8.73 (467.8) (0.402) 
(turpentine) 9330 0.973 9.08 429 0.417 
Diolefins 
1,3-butadiene 5398 1.84 9.93 270 0.490 
Aromatic 
o-cymene 8898 0.923 8.21 448 0.414 
p-cymene 9073 0.96 8.71 449 0.431 
methyl triisopropyl benzene 11355 0.975 11.07 527 0.514 
ethyl triisopropyl benzene 11414 0.998 11.39 528 0.527 
dimethyl triisopropyl benzene 11878 0.7855 9.33 548.8 0.431 
1-phenyl-1-hexyl heptane 11980 0.885 10.60 551 0.488 
tetraisopropy! toluene 11825 0.693 8.19 543 0.376 
styrene 9050 0.849 7.68 419 0.356 
Bicyclic Aromatic 
biphenyl 11472 0.935 10.73 527 0.492 
1,2-diphenyl ethane 10662 0.85 9.06 557 0.473 
Tricyclic Aromatic 
anthracene 13099 0.801 10.49 627 0.502 
phenanthrene 12654 0.66 8.35 613.4 0.405 
AH a:10% adHy To? 
B. Other Organic Liquids cal. per°K cal/*7K °K aTo 
Halogen Derivatives 
methyl iodide 6516 1.273 8.29 315.7 0.401 
ethyl! chloride 5949 1.706 10.15 285.4 0.487 
ethyl bromide 6588 1.418 9.34 311.2 0.441 
ethy] iodide 7113 1.179 8.39 345.4 0.407 
amyl bromide 10498 1.102 11.57 402.1 0.443 
amy! iodide 9428 0.986 9.30 429 0.423 
ethylene chloride 8442 1.161 9.80 356.7 0.414 
carbon tetrachloride 7138 1.218 7.80 349.9 0.426 
chloroform 7044 1.236 8.82 334.5 0.413 
chloral 7960 1.273 8.97 371 0.472 
Ketones, Ethers 
acetone 7231 1.487 10.75 329.7 0.490 
methyl ethyl ketone 7643 1.315 10.05 352.8 0.464 
diethyl ketone 7821 1.233 9.64 375.9 0.463 
ethyl ether 6220 1.656 10.30 307.8 0.509 
Alcohols, Glycols 
methyl alcohol 8240 1.199 9.90 337.9 0.405 
ethyl] alcohol 9420 1.12 10.55 351.7 0.394 
n-propyl alcohol 9885 0.956 9.42 370.4 0.354 
isopropyl] alcohol 9554 1.094 10.45 355.5 0.389 
n-butyl] alcohol 10451 0.950 9.93 390.9 0.371 
t-butyl alcohol 9694 1.023 9.91 356.2 0.364 
amyl alcohol 10596 0.902 9.56 404 0.364 
allyl alcohol 9467 1.049 9.93 369 0.387 
ethylene glycol 11855 0.6375 7.56 470 0.300 
Acids, Esters 
formic acid 5524 1.025 5.66 374 0.383 
acetic acid 5813 1.071 6.23 391.5 0.419 
propionic acid 7319 1.102 8.07 412.5 0.455 
n-butyric acid 10043 1.063 10.68 463.7 0.464 
isobutyric acid 9852 1.068 10.50 427 0.456 
n-valeric acid 10540 1.004 10.58 457.8 0.460 
methyl formate 6360 1.563 9.92 304.5 0.476 
ethyl formate 7110 1.417 10.10 326.5 0.463 
methyl acetate 7310 1.427 10.43 330.3 0.471 
ethyl acetate 8060 1.389 10.55 350.4 0.487 
methyl propionate 7718 1.304 10.06 353.1 0.460 
ethyl benzoate 9686 0.900 8.72 485.8 0.437 
Miscellaneous 
carbon disulfide 6403 1.218 7.80 319.5 0.389 
aniline 9657 0.858 8.29 457.6 0.393 
Average 9.4+0.9 _ 0.434+0.027 








® See reference 4. 
b See reference 5. 
© See reference 6. 








form of Trouton’s rule, namely 


AH, /T = 16.6+0.012T». (8) 


Equation (8) is in excellent agreement with Bingham’s 
modification® of Trouton’s rule, which is 


AH,,/T)=17+0.0117». (8a) 


Since the same type of data was employed both for 
Bingham’s calculations and our own, this agreement is 
also expected although it is not entirely trivial. It is 
significant that the modification involving a linear 
function of T> is not required for the aAH, relationship 
whereas it does improve both the rule for a7» and that 
of Trouton. This suggests that the constancy of aAH, is 
of greater reliability than Trouton’s rule as ordinarily 
stated, although it is probably not as good as Hilde- 
brand’s modification.° 

For practical purposes we suggest provisionally that 
the product aAH, be assumed equal to 9.4 cal./deg., 
using heats of vaporization at the normal boiling point. 
If the heat of vaporization is known at 25°C, then it 
would be better to use 10.1 cal./deg. for the constant. 
The rule should prove of some value, especially for 
hydrocarbons, for estimating heats of vaporization from 
coefficients of expansion. 


COMPRESSIBILITIES OF LIQUIDS 


As a first approximation, the volume of a van der 
Waals liquid depends upon the temperature but not 
upon the pressure, so such a liquid would be considered 
incompressible. Actually that is a reasonable prediction, 
for it is observed that the volume of a liquid is generally 
affected less by pressure than by temperature. To make 
any more detailed predictions concerning compressi- 
bilities, it is necessary to take recourse to higher ap- 
proximations for the volume of a liquid. Unfortunately 
the higher approximations are of doubtful significance 
and the paucity of experimental data makes it difficult 
to rigorously test the predictions. 

An effort in this direction has been made, however, by 
use of the second approximation! to the volume, namely: 


b’RT 26°R°T? b*RTp 
+ _———, 





V=b+ (9) 


a a® a’ 
From Eq. (9) it can be shown that the first term for the 
compressibility will be 
B= —(1/V)(8V/dp)r=BRT/a?. (10) 


From (10) it can further be shown (neglecting higher 
powers of bRT/a) that 


AH,*6/V =RT (a constant at a given T). (11) 
Assuming Trouton’s rule, Eq. (11) can be modified to 
T°8/V =RT/C? (a constant at a given 7). (12) 


* E. C. Bingham, J. Am. Chem. Soc. 28, 723 (1906). 
* J. H. Hildebrand, J. Am. Chem. Soc. 37, 970 (1915). 
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VAN DER WAALS’ 


The equations have been subjected to test using such 
data as are available. From the data of Table IV*"* it is 
found for a series of liquids that the expressions corre- 
sponding to (11) and (12) are fairly constant. In that 
table, 8 is the compressibility at 20°C measured over the 
pressure range 100-300 atmospheres. It is observed that 
AH,?8/V =53.643.2 (cal.)?/ml-atmos. and 7,26/V 
=0.105+-0.007 (degrees)?/ml-atmos. The square root of 
the quotient is 22.6 cal./deg., which is to be compared 
with Trouton’s constant. These rules should be of some 
use in estimating compressibilities of normal liquids. 
Theoretically, AH,?8/VT (and T,?8/VT) should also be 
constant but the available data do not permit checking 
the effect of temperature and our rule is therefore re- 
stricted to 20°C. 

By combining the rules expressed by Eqs. (4) and 
(11), the heat of vaporization can be eliminated and a 
relationship deduced between a and £, namely: 


Vo?/B=R/T (a constant at a given temperature). (13) 


It will be recalled that the difference between the heat 
capacities at constant pressure and constant volume 
(C,—C,) is precisely TV.a?/8, so from (13) it appears 
that this difference should be the same for all liquids. 
The predicted constant, R, is of course not numerically 
correct but the form of the law is approximately sub- 
stantiated by the data of Table V, which includes all 
liquids appearing both in Tables I or II and in Table IV. 
(As indicated earlier, the lack of data restricts our test to 
one temperature, 20°C.) 

It is found at 20°C that Va?/8=1.65+0.20 ml- 
atmos./deg. This rule should find some application in 
estimating compressibilities from coefficients of cubical 
expansion, although it appears to be less reliable than 
the relationships involving AH,. 
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Fic. 1. Graph of coefficient of expansion (a) vs. reciprocal of heat 
— (AH,). Solid line corresponds to Eq. aAH,=10.1 
cal./deg. 


© International Critical Tables (McGraw-Hill Book Company, 
Inc., New York, 1928), Vol. 3, p. 35. 
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TABLE III. Values of aAH, for some inorganic liquids. 








AH, a *10%8 aAHy 
A. Inorganic Liquids cal. per °K cal /°K 


phosphorus trichloride 7060 1.154 8.15 
silicon tetrachloride 6133 1.430 8.77 
stannic chloride 7894 1.178 9.30 
sulfur monochloride 6684 0.968 6.47 
water 9700 0.207 2.01 








AH,» a +108 aAHs 
B. Elements in the Liquid State cal. per°K cal/°K 


A 1505 4.5 6.77 
Ag 59490 0.11 6.54 
Al 53750 0.113 6.07 
Bi 46100 0.122 5.62 
Bre 7168 1.100 7.88 
Cd 26852 0.150 4.02 
4778 1.500 7.17 
17440 0.37 6.45 
11560 0.190 21.2 
(2867)? 3.00 (8.60)? 
2150 13.0 28.0 
14166 0.182 2.58 
10512 0.800 8.41 
20068 0.290 5.82 
40613 0.180 7.31 
62600 0.380 23.7 
1338 6.0 8.02 
25080 0.280 7.02 
1632 4.10 6.69 
3498 2.00 7.00 
16108 0.52 8.36 
46108 0.12 5.53 
17680 0.340 6.01 
17162 0.430 7.38 
45390 0.100 4,54 
77643 0.100 7.76 


= 570) (0.140) (tor) 


28670, 
23700 0.150 3.55 





Average 8.10+2.07 








® See reference 6. 
b See reference 7. 


REDUCED VOLUME OF A VAN DER WAALS’ LIQUID 


The expression for the volume of a van der Waals’ 
liquid can readily be put into reduced form by use of 
appropriate formulas for the critical constants. Denoting 
the reduced volume, V/V., by ¢, and the reduced 














Fic. 2. Graph of coefficient of expansion (a) vs. reciprocal of 
normal boiling point (Zo). Solid line corresponds to Eq. aT9 
=0.467, and dotted line to Eq. (7) of text. 
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TABLE IV. Values of BAH,?/V and BT,2/V. 





WALL AND WILLIAM R. KRIGBAUM 


TABLE V. Values of Va?/B at 20°C. 















Average 53.6+3.2 


BAH.2/V BT0?/V 
Vs B-10%  AHy»® (cal)?/ To* deg?/ml. 
Hydrocarbons ml. peratm. cal. ml.atm. °K atm. 

n-octane 162.35 97.5 9915 59.0 399.1 0.096 
2,5-dimethyl hexane 163.54 105 9048 52.6 381.6 0.093 
3,4-dimethyl hexane 158.43 94.5 389.8 0.091 
2-methy! heptane 162.51 101 389 0.094 
3-ethyl hexane 159.34 96 392.2 0.093 
cyclohexane 108.02 93 7895 53.7 354.7 0.108 
benzene 88.82 78 8090 57.5 353.4 0.110 
toluene 106.39 74 9080 57.3 384.1 0.103 
ethyl benzene 122.46 71 10100 59.1 409.4 0.097 
n-propyl! benzene 139.43 69.7 11049 61.0 432.7 0.094 
isopropyl benzene 139.11 70.3 425 0.091 
t-butyl benzene 154.80 68 442.0 0.086 
mesitylene 139.21 67 11346 62.0 437.9 0.092 
pseudocumene 137.20 64 11049 56.9 443.1 0.092 

Ketones, Alcohols 
acetone 73.3 82 7231 58.4 331 0.123 
diethyl ketone 105.56 84 7821 48.7 376 0.112 
cyclohexanone 103.55 58 430 0.104 
n-butyl alcohol 91.53 76.55 10451 91.3 391.1 0.128 
t-butyl alcohol 93.98 89 9694 89.0 356.1 0.120 
isoamyl alcohol 108.56 84 10560 86.3 403.8 0.126 
ethylene glycol 55.64 34 11855 85.7 470.5 0,135 
benzyl] alcohol 102.98 43 12142 61.6 478.5 0.096 
o-cresol 103.33 44 464.8 0.092 
m-cresol 104.57 45.5 10878 51.4 476.1 0.103 
p-cresol 104.50 44 475.8 0.095 

Acids, Esters 
n-butyric acid 108.42 77 10043 71.6 460 0.150 
n-propyl] formate 97.82 87 7762 53.6 354.6 0.112 
isobutyl formate 112.13 86 8017 49.3 380.1 0.111 
isoamyl formate 133.36 80 8549 43.8 396.8 0.095 
methyl acetate 79.7 87.5 7310 58.7 330 0.120 
ethyl acetate 97.8 90 8060 59.8 350 0.112 
isobutyl acetate 133.33 87 8573 48.0 389.8 0.099 
ethyl propionate 115.45 87.5 8181 50.7 372.4 0.105 
methyl butyrate 113.73 84 8078 48.3 375.6 0.104 
methyl isobutyrate 114.62 89 7976 49.4 365.9 0.104 
ethyl butyrate 132.15 85 8677 48.4 394.6 0.100 
ethyl isobutyrate 133.62 90 8375 47.2 385 0.100 

Miscellaneous 
carbon tetrachloride 96.4 88 7138 46.5 350 0.112 
chloroform 79.8 83 7044 51.6 334 0.117 
ethylene chloride 78.74 67.5 8442 61.1 356.8 0.109 
o-toluidine 106.72 44 473.1 0.092 
m-toluidine 108.34 45 476.6 0.094 


0.105 +0.007 








8 See reference 5. 
b See reference 6. 
© See reference 10. 
4 See reference 2. 


first approximation 


London, 1908) p. 203. 





$=4{1480/27}. 


The validity of Eq. (14) can be tested in part by 
comparison with the experimental results of Young" 
who investigated the volumes of 19 organic liquids all 
coexisting with their vapors at a reduced pressure 


temperature, 7/7, by 0, it is easily seen that for the 


(14) 


1S. Young, Stoichiometry (Longmans, Green and Company, 





Va?/B 
a +1034 yo 8-10% ml. atm./ 
Liquid per deg. ml, per atm. deg? 

n-octane 1.116 162.35 97.5 2.07 
2,5-dimethyl hexane 1.19 163.54 105 2.21 
cyclohexane 1.20 108.02 93 1.67 
benzene 1.215 88.82 78 1.68 
toluene 1.06 106.39 74 1.61 
ethyl benzene 0.955 122.46 71 1.57 
mesitylene 0.937 139.21 67 1.82 
n-propyl benzene 0.97 139.43 69.7 1.88 
pseudocumene 0.95 137.20 64 1.93 
acetone 1.487 73.3 82 1.98 
diethyl ketone 1.233 105.56 84 1.91 
n-butyl alcohol 0.950 91.53 76.5 1.08 
t-butyl alcohol 1.023 93.98 89 1.10 
ethylene glycol 0.6375 55.64 34 0.67 
n-butyric acid 1.063 108.42 77 1.59 
methyl acetate 1.427 79.7 87.5 1.85 
ethyl acetate 1.389 97.8 90 2.10 
carbon tetrachloride 1.218 96.4 88 1.63 
chloroform 1.236 79.8 83 1.47 
ethylene chloride 1.161 78.74 88 1.21 


Average 1.65+0.20 








® See reference 4. 
b See reference 5. 
© See reference 10. 
4 See reference 2. 


(r= p/p.) equal to 0.08846. Under these circumstances 
the 19 liquid-vapor systems all had very nearly the same 
reduced temperature, the average value being 0.7459 
with a maximum variation therefrom of a few percent. 
Setting 6=0.7459 in Eq. (14) we calculate a reduced 
volume equal to 0.4069. This compares very favorably 
with the average value observed by Young, namely, 
¢=0.4030. This agreement is better than we might 
reasonably expect, for most reduced relationships de- 
rived from van der Waals’ equation are only qualita- 
tively correct. For example, the reduced vapor pressure 
equation corresponding to (2) is not nearly so good as 
(14) appears to be. Our test of Eq. (9) is so limited that 
the agreement may be coincidental; nevertheless it does 


appear that the equation is reliable. 


Although the higher approximations! to the volume 
of a van der Waals liquid are of doubtful significance, 
we record here for the sake of greater completeness, the 
third approximation to the reduced volume: 


b= 3+ 3 (80/27) +3 (80/27)?— 3 (80/27) (m/27) 
+5/3(86/27)*—2(80/27)*(/27) 





+3(80/27)(m/27)2-+ ++. 


(15) 
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A normal coordinate analysis of the planar vibrations of some substituted ethylenes is carried out. Thirteen 
compounds are studied, including mono-substituted and 1:1- and cis- and trans-1:2-disubstituted ethylenes. 
Various solutions for the CH bending force constants are obtained and correlated. Some attempt is made to 
study the range of allowed solutions, and to examine the coupling of the different coordinates in the potential 


function. 





I. INTRODUCTION 


ATISFACTORY vibrational assignments are now 
available for a number of substituted ethylenes. In 
the present work, it is proposed to carry out a normal 
coordinate analysis of the planar vibrations, with the 
object of finding sets of force constants for the various 
coordinates occurring in the valence-force potential 
functions, having particular regard to the possibility of 
there being small variations in the value of a force con- 
stant going with any particular coordinate common to a 
series of related molecules as the substituents change. 
this type of analysis has been developed because of 
inconsistencies which have arisen through the carrying- 
over of force constants between related molecules, which 
suggest that some formal investigation should be 
made into the allowed variations in the force constants 
of a given molecule. A somewhat similar treatment of 
the non-planar vibrations of substituted ethylenes has 
already been carried out;! the balance of evidence is in 
favor of detectable variations in force constants, which 
can be correlated with the electro-negativities and 
powers of conjugation of the substituents. In the present 
investigation, use is made of recent developments in the 
theory of the secular equation,? which facilitate com- 
paratively rapid handling of quite high order matrix 
equations. 





Fic. 1. Numbering of coordinates for mono-substituted ethylenes. 





6 (i Torkington, Proc. Roy. Soc. London (in press); Nature 163, 
949). 

2 P. Torkington, J. Chem. Phys. 17, 1026 (1949); Nature 162, 

370, 607 (1948). 
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II. THE SECULAR EQUATIONS 


The notation used in previous papers®* is adopted 
here; for an mth-order symmetry-factor, the  valence- 
type symmetry coordinates A; to A, are defined in terms 
of NV Cartesian displacement coordinates 2; to zy: 


. 
Ai=Q ais; (1) 
j=1 
and the secular equation is written in matrix form: 


| dA—AlI| =0, (2) 


where the elements of d are the force constants in the 
potential function defined below: 


2V=), 2B d;;A;A; (3) 


i=1 j=1 


and the elements of A (related to the inverse kinetic 
energy matrix G of Wilson),** are as follows: 


N 
A ij ; x0 ;x(M/m,) (4) 


k=1 


where m,, is the mass of the atom whose Cartesian dis- 


M3 





Fic. 2. Numbering of coordinates for 1:1-disubstituted ethylenes. 


3 P. Torkington, J. Chem. Phys. 17, 357 (1949). 
*E. B. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939). 
5 E. B. Wilson, Jr., J. Chem. Phys. 9, 76 (1941). 

































Fic. 3. Numbering of coordinates for cis-1:2-di- 
substituted ethylenes. 


placement coordinate is z, and M is an arbitrary mass 
(conveniently chosen to be one of the m,’s), introduced 
in order that the A ;; shall be dimensionless quantities of 
convenient magnitude. Both d and A are symmetric; 
only half the matrix will be given whenever they are 
introduced explicitly. I is the unit matrix, and the 
quantity A is defined as follows: 


\=49r'e2M, (S) 


o being a fundamental vibration frequency in cm™ and ¢ 
the velocity of light in cm sec.'. In the numerical calcu- 
lations, the force constants and related quantities are 
usually given to four significant figures, as this is some- 
times necessary to illustrate small differences between 
various solutions for the same constant. No absolute 
significance is to be attached to the fourth figure. 

The symmetry coordinates and the derived A matrices 
are given in Tables I to IV; for the coordinates z; and 
other quantities, see Figs. 1 to 4. The same matrices are 


TABLE I. Symmetry coordinates for substituted ethylenes. 








(a) Mono-Substituted ethylenes, CH2=CHX®* 


Ai =Ari2 —Ar23 As =r1(A046 —AG24) 


A2=Aras 7 =7r1(A615 —AO3s) 
As =Ari2+Are3 As = Arse 
As =Aras Ag =r2A626 


As =r1(A613 — A015 —Adss) 
(b) 1:1/-disubstituted ethylenes, CH2=CX2 


Ai =Ari2+Aroa3 Ac =Ari2—Aras 
A2=Aras Az =r1(A015 —Adas) | p 
As =r1(A613 —AO1s — Abas) PA1 . 


As = Aras — Arse 
Aa =Aris +Arse Ag =7r3(A024 —Afe26) 
As =r3(A046 —Ab24 —AO26) 


(c) Cis-1:2-disubstituted ethylenes* 

As = Ari2 —Aras 

Az =7r1(A01s —AO2s —AO13 + A646) 
As =Are3 — Arse 

Ao =r2(A635 —AG26) 


A1 =Ari2+Aras 

A421 =Ares 

Az =r1(A615 + A024 —Adis —AOas) PA 
Aa =Ares+Arse 

As =72(A0as +A626) 


Bi 





(d) Trans-1:2-disubstituted ethylenes4 

As =Ari2—Arse | 

Az =r1(A6is —AO26 —AGi3 + Ads) B 
As =Aro3 — Aras . 
Ag =r2(A635 —AA2) 


41 =Ari2+Arse 

A2=Aras 

As =71(A615 +A626 —A013 —Abas) >Ag 
Aa =Ares +Aras 

As =r2(A624 +4435) 








® See Fig. 1. 
b See Fig. 2. 
© See Fig. 3. 
4 See Fig. 4. 
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Fic. 4. Numbering of coordinates for frans-1:2-di- 
substituted ethylenes. 


used for the unsaturated hydrocarbons dealt with, 
treating the methyl groups as single masses; it will be 
shown that this approximation does not affect the values 
of the force constants seriously. Angles of 120° are used 
throughout; the order of the corrections to be applied 
for variations from this angle will be estimated. The 
degree of the equations is in all cases reduced before 
solving for the constants by factoring out the C—H 
valence modes, using the method introduced by Wilson.° 
The small corrections to be applied may be assumed 
constant for force constants going with coordinates 
common to a series of molecules. 


III. THE VIBRATIONAL ASSIGNMENTS 


For the four vinyl halides and for vinylidené fluoride 
and chloride the assignments of Thompson and Torking- 
ton® are used, with the following minor alterations. In 
vinyl fluoride, the infra-red absorption maxima at 1363 
and 1393 cm™ are now taken for the P and R branches 
of a parallel band, dcH2* then having the value 1378 in 
place of 1393 cm. In vinylidene chloride, the Raman 
line at 375 cm™ previously assigned to (non-planar) B, 
rocking, is now taken for planar B» rocking. In vinylidene 
fluoride, for which Raman data are not available, 559 
and 680 cm™ are accepted for Ai CF; deformation and 
B, CCF rocking respectively, though these values seem 
rather high; there are infra-red-Raman coincidences at 
570 and 650 cm™ in CF2,=CCl,® though the strong 
Raman line’ at 435 cm seems likely to be écr,*.“ For 
cis- and trans-1:2-dichloro-* and 1:2-dibromo-ethylenes 


6 H. W. Thompson and P. Torkington, Proc. Roy. Soc. London 
A184, 21 (1945); Trans. Faraday Soc. 41, 236 (1945); J. Chem. Soc. 
303 (1944). , 

7 J. B. Hatcher and D. M. Yost, J. Chem. Phys. 5, 992 (1937). 

® But there is an A type band at 559 cm™ in C2F, (see reference 
6) which could be assigned to Bs, CF2 deformation. 

* Note added in proof.—The infra-red spectra of cis- and trans- 
C2H2Ch, C2D2Ch, have recently been measured, (H. J. Bernstein 
and D. A. Ramsay, J. Chem. Phys. 17, 556 (1949)); the suggested 
assignments for the H compounds are essentially the same 45 
used here, except that B, CCCI bending is given as 571 cm." 
which is almost certainly too high for such a mode. It is of interest 
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ANALYSIS OF VIBRATIONS OF ETHYLENES 


TABLE II. The A matrix for mono-substituted ethylenes.* 














( (3+2,1) 0 0 0 0 —av3 —v3(1+2a) 0 —v3 )-- "VCH." 
(1+ u:1) 0 — (1/2) 0 v3(a—b)/2 av3 — (1/2) V3(c+1)/2 |---voH 
(1+2,:) —1 —2v3 0 0 0 0 *** VCH.’ 
2 2v3 v3 (b+ 2) /2 0 — (1/2) —cv3/2 |-+--+vouc 
4(3+2,1) 0 0 0 0 ee -dcn,° 
(Pit4urtP us) a(3+4a—b) —v3(a+2)/2 (Ps—beus) |-+-den 
(P2+2y1) —av3 (1+4a+5) |---dcn, 
(1+ ps) —v3/2 ***yo_x 
{ sind -++decx 








* u1 =(m2/m1) throughout P1 =2(2 +a +b +a?) —b(a —b) 
ps = (me2/ms3) > = +4a+8a2 
=2+c+c? 
pe +2a—c(1+b). 


TABLE III. A matrices for 1: 


1-disubstituted ethylenes. 














Class Ay 
(1+2,1) —1 —2v3 0 0 ***vCH,* 
2 2v3 —1 2v3 °° *¥CuC 
4(3+2,1) 0 0 -+-dcH,* 
(1+2y3) —2v3 | ---vex,® 
4(3+2y3) ] ---dcx,* 
Class Bz 
(3+ 2,1) — (2a+1)v3 0 2cv3 ** * VCH" 
(1+4a+8a?+ 2y:) 2av3 —2(a+c+4ac) |---dcn, 
(3+2ys3) — (2c+1)v3 ***¥Ox,? 


(1+4¢+8c?+ 2y3)J ---dccx 











TABLE IV. A matrices for cis-1:2-disubstituted ethylenes.* 











Class Ay 
2(1+ 1) —1 bv3 —1 cv3 ***VCH 
2 — (b+2)v3 —1 —cv3 = *VCeC 
(4A 1:+47A 55+ 40) 2v3 (2c+aA5;) |+--dcH 
2(1+ us) 0 ***¥C_X 
2c?(1+-us) | ++ -decx 
Class B, 
2(1+ 41) — (2a—b)v3 —1 (c+2)v3 ** "CH 
{ A33+4a(2+2a—5b)} 2(1+a)v3 {A33;—4(1+-2a)} -+- don 
2(1+ us) —2v3 °° *VC-X 
{Ass+4(c+2)} 4 ---dcox 








Ag factor. 


the assignments given in Wu® and Herzberg? are ac- 
cepted, with the alteration that the strong depolarised 
Raman lines at 406 and 372 cm™ in the cis-compounds 
are assigned to B,; CCCland CCBr bending respectively, 
instead of to the twisting modes. (See CH, = CHCI (395), 
CH, = CCl, (375); CH2.= CHBr (345), CH.= CBr. 





that B, CCCI bending is predicted from combination bands to 
be at 265 cm.-, in excellent agreement with the predicted value 
here. 

‘T. Y. Wu, Vibrational Spectra and Structure of Polyatomic 
Molecules (Edwards Brothers, -Inc., Ann Arbor, 1946). 

*G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. van Nostrand Company, Inc., New York, 1945). 





*The subsidiary quantities Au, Ass etc., are the elements of the class A: factor of A. The matrices for the trans-1:2-disubstituted ethylenes’ are ob- 
tained from the above for the cis- “compounds by striking out the second row and column from the class A: factor and inserting them to form the second 
row and column of the class Bi: factor; the residue of the former is then the class Bu factor of the trans-compound, and the latter has become the class 


(322).) The unobservable B,, skeletal bendings in the 
trans-compounds are predicted here by making the sum 
of the A, and B, bending constants the same as the sum 
of the A; and B, bending constants in the corresponding 
cis-compound. For vinylidene bromide, the infra-red 
data of Thompson and Torkington® and the Raman 
data of de Hemptinne, Velghe, and van Riet!® are used; 
the latter have also measured the Raman spectra of the 
deuterated vinyl and vinylidene bromides. For propy- 
10M. "10M. de H Hemptinne and C. Velghe, Bull. Class. Sci. Acad. Roy. 


Belgium 30, 75 (1944); de Hemptinne, Velghe, and van Riet, Buil. 
Class. Sci. Acad. Roy. Belgium 30, 40 (1944). 
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lene” and isobutene, the assignments given by Kilpatrick 
and Pitzer" are accepted, with the alteration that 1062 
cm~', assigned by them to B; CH. rocking in the latter, 
is taken for planar CH: bending ;° 1280 cm“ is too high 
for this mode. Their assignments for the 2-butenes are 
not thought sufficiently certain to justify detailed 
calculations; thus, there is no infra-red band, (or only a 
very weak one), at 1267 cm™ in the cis-compound, 
where there is a Raman line which they assign to Ay CH 
wagging ; it seems peculiar that this mode should be so 
weakly-active in the infra-red. And there is some con- 
fusion between methyl rocking and C—C stretching 
modes. 

The assignments are summarized in Tables V to VIII. 


IV. SOLUTIONS FOR THE FORCE CONSTANTS 


In the substituted ethylenes, the fundamental modes 
of vibration can be conveniently grouped into four 
types, as follows: 


(a) C—H stretching, 

(b) C=C stretching, 

(c) C—H bending, 

(d) Skeletal stretching and bending other than (b). 


Type (a) is factored off before solving for the constants 
for types (b), (c), and (d). For the latter, the procedure 
developed in a previous paper’ is used. For each mole- 
cule, a standard solution for the force constants is 
obtained, (together with the matrix of components in 
the displacements and the percentage of potential 
energy in the principal square terms). This standard 
solution corresponds to the fundamental vibrations 
factoring off in the order in which the corresponding 
coordinates occur in the matrix A (see Tables IT to IV). 
The standard force field can thus be regarded as sub- 
jecting the molecule to a graded rigidity; in passing 
from v; to v, each fundamental mode involves one fewer 
coordinate. With the order adopted here, the C=C 
stretching coordinate takes no part in the displacements 
for modes other than vcuc. It is reasonable to assume 
that the error introduced by this step in a constant going 
with any given coordinate will be the same for all mem- 
bers of a series of molecules for which this is a common 
coordinate. This means that a constant correction can 
be applied for, for example, Arc-c:A@ccu interaction. 
The standard force constant matrix d° having been 
obtained, small off-diagonal elements are then re- 
moved as described previously ;? the relevant quantities 
(Od;/dd;;) are readily calculated from the matrix de- 
termining the components in the displacements. This 

b 1042 cm™ is assigned to CH» wagging in the text; this is ac- 
cepted in the present work. In their table it is assigned to CH; 
wagging, and CH» wagging given as 1172 cm~. The assignments 


for non-planar CH wagging and twisting also appear to have 
become transposed. 

u J. E. Kilpatrick and K. S. Pitzer, J. Research Nat. Bur. of 
Stand. 38, 191 (1947). 

¢ The value given by Kilpatrick and Pitzer is 1066; the present 
value is taken from the Catalog of Infra-red Spectrograms, 
American Petroleum Institute Research Project 44. 
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removal of small interaction constants smooths off the 
step-like graded rigidity, since in the standard solution 
the interaction constants take such values that coordi- 
nates A; to A;_; are prevented from taking part in »,. 
With d° and the partially diagonalized matrix d’ the 
coordinates A;,; to A, are represented in the displace- 
ment for v;; these solutions can be regarded as allowing 
a natural coupling, (determined by the off-diagonal 
elements of the matrix A), between the C—H bending 
modes and the lower-frequency skeletal vibrations (d). 
For comparison, the solution for the C—H bending con- 
stants in which all coordinates other than A; remain 
rigid in v; is found. These constants,” which will be 
referred to as the Wilson-Pitzer constants, are given by 
the following formula: 


di’ =(|A| ii/|Al)Ax (6) 


where | A| ;; is the minor of | A| obtained by striking out 
the ith row and column. Pitzer has developed a semi- 
rigid-molecule approximation for dealing with large 
symmetry factors.” In his method, the fundamentals 
are grouped into classes, (e.g., skeletal vibrations and 
vibrations of attached groups), and the matrix A, (or G), 
reduced to a series of matrices of lower order, one for 
each class, that for any given class being obtained by 
applying the conditions that all coordinates of other 
classes shall remain rigid. The method is an extension of 
Wilson’s treatment of C—H stretching vibrations.’ 
Each reduced matrix gives rise to a reduced secular 
equation, which can then be solved for vibrations of 
that class. It should be remembered that these reduced 
equations are not factors of the complete secular equa- 
tion; constants which satisfy the reduced equation will 
not satisfy the complete symmetry factor from which it 
is derived, the error depending on the degree of coupling 
between coordinates allocated to different classes. The 
Wilson-Pitzer constants given here go with linear re- 
duced equations; d;,’’ is identical with d;;° when v; and 
v, are transposed. They are therefore associated with 
(n—1) interaction constants, required to maintain the 
remaining coordinates rigid. 

The following values, given in angstrom units, are 
used here for the bond lengths. 


ro-n= 1.071," rco-c= 1.353" throughout ; 

’o-—cl= 1.69, ’C-Br— 1.83,4 %o-1 = 2.03 aed 

ro_r= 1.369" in CH2=CHF, 1.334 in CHp=CF:; 
Effective rco_c= 1.603.° 


22 P. Torkington, Nature 164, 113 (1949). 
18 W. J. Taylor and K. S. Pitzer, J. Research Nat. Bur. of Stand. 
38, 1 (1947). 
4 W. S. Gallaway and E. F. Barker, J. Chem. Phys. 10, 8 
1942). 
' 16 Brockway, Beach, and Pauling, J. Am. Chem. Soc. 57, 2693 
1935). 
16 Huggill, Coop, and Sutton, Trans. Faraday Soc. 34, 1518 
1938). 
4 Estimated from comparison of data for C2H3Cl, CHsC! and 
CH;F, CH2F:2 (see reference 17). 
17L. O. Brockway, J. Phys: Chem. 41, 747 (1937). 
e Assuming a mass (mc+3my) at the center of gravity of the 
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ANALYSIS OF VIBRATIONS OF ETHYLENES 


TABLE V. Vibration frequencies of planar modes of 
CH.=CHX, in cm™. 
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TABLE VII. Vibration frequencies of planar modes of 
cis-CHX = CHX, in cm™. 








¥C=C 6CH2* 56CH 6CH2 6ccx 


1649 1415 1297 1042 920 417 
1650 1378 1306 924 1153 500 
1610 1370 1280 1030 724 395 
1605 1377 1262 1008 615 345 
1593 1376 1242 990 550 309 


vC-X 











* Numbering from the left, in vinyl fluoride »5>v»« and in vinylidene 
fluoride ve >vs; the order here is retained for consistency. 


TABLE VI. Vibration frequencies of planar modes of 
CH2= CX, in cm. 








Ai Be 
A 


A. 


6CH2" 





vCX2? 45CX2* “60H vCX2" bccx 
1390 800 378 1062 986 431 
1386 921 559 945 1295 680 
1395 605 295 1094 794 375 


1379 467 184 1085 696 322 


r 
’C=C 


1664 
1730 
1620 
1593 











* Numbering from the left, in vinyl fluoride vs >vs and in vinylidene 
fluoride ve >vs; the order here is retained for consistency. 


All ethylenic angles are assumed 120° throughout; 
deviations from this value will not affect the C—H 
bending constants; their effect on the skeletal constants 
will be estimated when these are dealt with. 

The results for C—H bending modes are summarized 
in Tables [X to XI. Force constants are given in units of 
10° dynes cm™ and the energy fractions V ;,°(v;), re- 
ferring to the standard solutions, as percentages. The 
subscripts are ordered to go with the reduced matrices 
A, and with the assignments given in Tables V to VIII. 
Thus dg: in the vinyl compounds is here the constant 
going with the coordinate for CH» deformation, given as 
A; in Table I (a). 


V. DISCUSSION OF THE RESULTS 


We have obtained three solutions for each of the 
C—H bending constants occurring in the potential 
functions for substituted ethylenes. From the results 
summarized in Tables [IX to XI it is seen that, with the 
coordinates used, the CH, deformation constant lies be- 
tween 0.130 and 0.145, the C—H bending constant be- 
tween 0.18 and 0.24, and the CHe rocking constant 
between 0.20 and 0.35, in units of 10° dynes cm—. In 
every case, the elimination of the small interaction con- 
stants from d° produces negative increments in the CH 
bending constants, and the Wilson-Pitzer constant is 
greater than either of the other two’; i.e., d;;/’>d;>d;/. 
d;;" is associated with a pure vibration vy; in which the 


methyl group, taking rc_c in propylene as 1.53, (allowing for a 
small degree of shortening from the value 1.573 found in ethane 
(see reference 9)) rc_u=1.093,, as in methane (see reference 9), 
and assuming tetrahedral angles. 

*It can be shown that inclusion of A; in the displacement for »; 
decreases or increases d;; from the value dj; for the pure mode, 
according as »; is greater than or less than »;; similarly, that d;;° 
is always greater than di;’. 


Ai 
Pu 








, 
6CH vCx 6ccx 


1179 §=711 173 
1150 580 86109 











TABLE VIII. Vibration frequencies of planar modes of 
trans-CHX = CHX, in cm“. 








Ag Bu 


A ‘* 
t ™ ft 
"C=C 6CH vCX 6ccx 5CH vCX 


1576 1270 844 349 1200 820 
1578 1246 748 218 1145 746 








. 
6ccx 


270(calc.) 
247(calc.) 











potential energy is a function of only the one coordinate 
Ai, (i.e., Vii’ (vi) = 1, V ;'(v) =0 for iX~}). With d;?, 
Viv.) is greater than unity, there being negative 
contributions from the various cross-terms d;;A;A,j, 
(j>i). With d;,’, V;i(v;) is in general less than unity, 
and terms involving A;, (j<i), take non-zero values. 
(See Appendix II.) The range of values covered by the 
three solutions can be taken as representative of the 
range physically possible, the standard constants d;,° 
being convenient mean values. Change of sign of all the 
small off-diagonal elements of d° reduced to zero in d’ 
would give a fourth solution d” such that (d;,°—d;,’) 
~(d;/—d;7"). d™ could be regarded as a conventional 
minimum solution, but since the small off-diagonal 
elements of d° have no physical significance when their 
sign is changed, we will not go beyond d’ here. The 
absolute values of the constants have still to be cor- 
rected for coupling with C=C stretching; as already 
stated, it is justifiable to assume that, for a given type of 
C—H bending, this interaction will remain constant 
throughout the series of substituted ethylenes. Varia- 
tions deduced from the values in Tables [IX to XI can 
therefore be taken as absolute. 

Consider first the CH: deformation constant. For the 
vinyl halides, a value lying between 0.132 and 0.134 will 
fit all four compounds; for propylene, however, a value 
greater than 0.139 is required, which will not fit any of 
the other halides. In the vinylidene compounds, a value 
within the range 0.135 to 0.139 fits all four molecules. 
The analogous constants, (d°=d’’), in ethylene, with 
vAg= 1342.4, vBs3.= 1443.5,° “ have the following values: 
0.1337(A,), 0.1380(B;,,). The constant for the A, mode 
is probably better chosen as a standard, since the B;, 
mode does not interact with C=C stretching. Thus, the 
value 0.134-0.135 will fit all ethylenic molecules studied 
here, with the exception of propylene. This anomaly of 
propylene is rather obscure. In the series CH,=CHX, 
CH2=CXz, dcu:’ is higher in the di-substituted than in 
the mono-substituted compounds in all cases except 
X=CHs;, which suggests that the observed frequency 
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TABLE IX. Solutions for mono-substitutes ethylenes CH2=CHX. 




















x CH; F 
i 2 3 4 2 3 4 
di 0.1407 0.2290 0.2532 0.1338 0.2339 0.2077 
dis’ 0.1393 0.2183 0.2297 0.1317 0.2184 0.1718 
dix” 0.1424 0.2333 0.2886 0.1355 0.2368 0.2252 
j 
2 1 1 
3 —0.0393 1 —0.0409 1 
A;(v;) 4 —0.0009 0.0762 1 —0.0009 0.0744 1 
5 0.0088 —0.0331 —0.0368 0.0088 —0.0326 —0.0369 
6 0.0113 0.0276 0.1347 0.0135 0.0233 0.1387 
Vii(v;) 100.496 102.231 104.868 100.748 103.178 109.472 
x Cl Br 
i 2 3 4 2 3 4 
d;i° 0.1320 0.2238 0.2470 0.1333 0.2177 0.2352 
dis! 0.1305 0.2139 0.2249 0.1320 0.2087 0.2168 
dis" 0.1343 0.2314 0.2887 0.1364 0.2275 0.2807 
j 
2 1 1 
3 —0.0388 1 —0.0381 1 
A (vi) 4 —0.0009 0.0770 1 —0.0009 0.0778 1 
5 0.0088 —0.0334 —0.0367 0.0088 —0.0337 — 0.0367 
6 0.0107 0.0338 0.1330 0.0099 0.0369 0.1311 
Viiv) 100.527 102.110 104.671 100.481 101.986 104.070 
x I 
i 2 3 4 
d;;° 0.1330 0.2108 0.2258 - 
dis! 0.1318 0.2026 0.2103 
dis!" 0.1363 0.2218 0.2734 
j 
2 1 
3 —0.0373 1 
A(x) 4 —0.0009 0.0787 1 
5 0.0088 —0.0339 —0.0366 
6 0.0088 0.0387 0.1292 
Vii(v;) 100.429 101.859 103.563 





for propylene and/or isobutene is not the true one. The 
symmetrical methyl deformation lies close, at 1370 to 
1380 cm; it is possible that Fermi resonance between 
these two modes occurs, for which a correction should be 
applied.‘:!* Resonance is also possible between vc—c and 
CH bending modes, but it seems reasonable to assume 
that for a given mode this would take place to the same 
extent for all related molecules. 

The CH, bending constant varies much more in 
passing from d’ to d” than does the symmetrical CH: 
deformation constant; the coupling with coordinates 
other than C=C stretching is of more importance. A 
value of 0.225 can satisfy all the vinyl halides; if we 


f On the other hand, 5CHy’ in the allyl halides (see reference 18) 
lies at 1405 to 1410 cm™; any resonance would involve the 
saturated CH, deformation at 1440 to 1450 cm™, leading to a 
positive correction. 

18H. W. Thompson and P. Torkington, Trans. Faraday Soc. 42, 
432 (1946). 





omit the fluoride, a range of 0.225 to 0.27 is allowed, 
nearly the whole being also available for propylene. 
Passing to the vinylidene compounds, the minimum 
allowed value becomes raised to 0.245, which is also the 
maximum for vinylidene fluoride. The value 0.245 could 
thus be a common solution for all the molecules studied, 
except vinyl fluoride. Since this compound falls outside 
the range, it seems probable that this is also the case for 
vinylidene fluoride. 0.245 is the value of the Wilson- 
Pitzer constant for CH;=CF»; it seems most unlikely 
that there should be less kinetic coupling in the fluoride, 
where yc_x and dccx are higher, than in the other 
halides. The values of the comparable CH: rocking con- 
stants in ethylene, (d°=d’), with vB1,= 1050, vBou= 995 
cm~1!%14 and with accepted molecular dimensions,” are 
as follows: 0.1987(B1,), 0.2833(B2.) ; (mean: 0.2410). 
The range of values for CH wagging constants is less 
than for CH» rocking constants, though rather mor¢ 
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ANALYSIS OF VIBRATIONS OF ETHYLENES 


TABLE X. Solutions for 1:1-disubstituted ethylenes CH2=CXo2. 


























xX CH: F Cl Br 
i 2 5 2 5 2 5 2 5 
dj 0.1359 0.2671 0.1357 0.2369 0.1368 0.2788 0.1335 0.2718 
dis’ 0.1342 0.2274 0.1329 0.1546 0.1353 0.2443 0.1319 0.2443 
dj” 0.1395 0.3119 0.1392 0.2455 0.1421 0.3407 0.1400 0.3421 
j 
2 1 1 1 1 
3 0.0168 0.0168 0.0168 | 0.0168 
SP(v%) 4 —0.0581 —0.0581 — 0.0581 —0.0581 
5 1 1 1 1 
6 | 000 | | 000 | | 0.00 | | 0080 | 
7 —0.3340 —0.2855 — 0.3495 —0.3744 
Vis®(vi) 100.599 108.031 101.055 121.025 100.557 106.272 100.455 105.322 
TABLE XI.* Solutions for cis- and trans-1:2-disubstituted ethylenes CHX =CHX. 
‘ Cis- Trans- 
xX Cl Br Cl Br 
i 2 5 2 5 2 5 2 5 
d;;° 0.2044 0.2192 0.1946 0.1938 0.2234 0.1952 0.2150 0.1786 
dj; 0.2034 0.1942 0.1938 0.1752 0.2100 0.1860 0.2022 0.1700 
rad 0.2052 0.2358 0.1958 0.2160 0.2364 0.2092 0.2292 0.1924 
j 
2 1 1 1 1 
3 0.0115 0.0120 0.0351 0.0355 
A P(v;) 4 — 0.0017 — 0.0037 — 0.0940 — 0.0958 
5 1 1 1 1 
6 | 0.059 | 0030 | 9032s [oase| 
7 — 0.0608 —0.0651 0.0272 0.0228 


100.225 106.057 100.206 105.063 


Vis(vi) 


103.097 102.388 103.062 102.514 








_ * The constants here are obtained from those going with the coordinates in Table I by multiplying by a factor of two, (this being equivalent to there 
being a normalizing factor of (1/72) included in the coordinates), to be comparable with those in Table IX. 


than for CH, deformation constants. A value of about 
.22 will satisfy all the vinyl compounds, including 
propylene. With the cis- and trans-di-substituted com- 
pounds it is likely that the constants comparable with 
the d3z of the vinyl compounds will be those for the 
symmetrical (A; and A,) modes, (i.e., the d22 of Table XT) 
since the B; and B, vibrations do not interact with vc—c. 
These are rather lower than the corresponding constants 
in the vinyl compounds, except for the érans- Wilson- 
Pitzer constants. The value 0.22 can be fitted to both 
rans-compounds, but this has to be lowered to about 
0.20 for the cis-isomers ; and, in addition, there is for the 
latter no overlapping of the allowed ranges of values in 
the chloride and bromide. There is thus some evidence 
for the constant in the ¢rans-compounds being greater 
than in the cis-isomers, and also for there being a 
Variation in the CH bending constant with change in the 
substituent X. This latter is to be expected, since the 
coordinate used involves the angle HCX. (See Table I.) 
For the cis-compounds, the B: constants overlap with 
the A; constants, but for the érans-compounds there is 
n0 such overlap, the B,, constants taking the lower range 
of values. However, no absolute significance is to be 


attached to this difference, since the correction for 
coupling with C=C stretching is not known.* 
Recapitulating, it has been shown that it is possible to 
use the same value for the CH; deformation constant as 
in ethylene for all the vinyl and vinylidene compounds 
studied here, with the possible exception of propylene. 
And that the ethylenic CH2 wagging constant (taking 
the mean for B;, and Be, modes), can also be carried 
over except to the fluorides, for which a lower value 
must be used. For CH bending there is definite evidence 
that the constant varies with the substituent. 
Reconsidering the CH: bending constant, it has been 
shown that this is the most strongly affected by kinetic 
coupling. (This fact is also very evident from ethylene 
itself; the difference between the (unnormalized) con- 
stants for Bi, and Bo, bending amounts to 17.5 percent 
of the mean constant, this being equivalent to constants 
+0.0417, —0.0417 for interaction between adjacent 
angles on the same side of C=C, and between alternate 


& In such a case it is usual to assume the constants the same; 
this would enable the Arc.c:A@ccx interaction here to be de- 
termined. But such constants are not necessarily equal. (See the 
pairs of CH; rocking constants in ethylene: Big, Bu, (see Appendix 
I), Biu, Bay, (see reference 1).) 
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Tasrr XII. 














C2Ha C2D.4 
Big Bow Bau Big Bow Baw 

vi(obs.) 3075 3105.5 2989.5 2304 2345 2200.2 
va(obs.) 1050 995 1443.5 883 723.4 1077.9 

d;° 1.2375 1.270; 1.271; 1.229, 1.3003 1.318, 

do2" 0.0993; 0.1416, 0.06893 0.1068, 0.1454, 0.0699, 
v’’(calc.) 3074.5 3105.4 2989.5 2304.5 2344.9 2200.8 
v2'’(calc.) 1046.6 994.74 1442.5 872.65 722.80 1075.2 

d20° 0.1002, 0.1417, 0.0690, 0.10915 0.1458. 0.0701, 
v1°(calc.) 3074.6 3105.4 2989.5 2305.2 2344.9 2200.8 
v2°(calc.) 1051.4; 995.20 1443.4, 881.4 723.66 1076.6 

di 1.238 1.270, 1.2712 1.2277 1.300, 1.318, 

d22 0.0999, 0.14173 0.0690, 0.1095, 0.1457, 0.0702; 
Vii(r1) 99.255 99.942 99.820 97.188 99.816 99.338 
Vi1(v2) 0.745 0.058 0.180 2.812 0.184 0.662 















































angles, respectively.) If the results for ethylene are 
interpreted as meaning that the CH: bending constant 
can vary over the range from the By, to the Be, con- 
stant, then it can be said to be possible to carry over the 
ethylenic constant in every case studied here, though the 
significance of variations would be rather obscure. It 
seems best to take the mean constant, which occurs as 
the square-term constant in the expanded valence-force 
potential function for ethylene, as the significant value. 
Now this value occupies various positions in the ranges 
of allowed solutions. In the vinyl compounds, excluding 
the fluoride, ds,=0.241 is associated with decreasing 
coupling in passing from X=CH; to X=I; for the 
former, d°>0.241>d’, and for the latter d’ >0.241>d°. 
This seems the likely direction for such variation in 
degree of coupling. In vinylidene chloride and bromide, 
d’>0.241, and unless a higher value of the constant is 
used, the coupling will be greater than in any of the vinyl 
compounds. This may be due to the presence of a higher 
degree of symmetry.* 

The same decrease in coupling occurs when a constant 
CH bending constant is fitted into the range of values for 
the vinyl halides; in the fluoride, d°>0.22>d’, and in 
the iodide d’”>0.22>d°, propylene lying roughly be- 
tween fluoride and chloride. Common values for CH and 
CH, rocking constants could therefore be used for all the 
monosubstituted ethylenes here, with the exception of 
5CHe in the fluoride. However, it has been shown from 
the results for the disubstituted compounds that there is 
probably a real variation with X of the CH bending 
constant. 

b The assignments for these two molecules may be incorrect. For 
each there is a close pair of A-type bands in the region of 1100 cm™. 
The lower frequency member was chosen in the chloride; any 
correction for Fermi resonance would raise the frequency. The 
higher frequency member was chosen for the bromide, because it 
led to a better frequency prediction for the deuterated compound, 
for which there is only a single Raman line. But there are different 


anharmonicity corrections for CH and CD bending modes, and it 
is possible that 5CH,(B:2) is the band at 1056 cm™. 


VI. CONCLUSION 


The present analysis has given series of values for the 
force constants for planar CH bending modes in substi- 
tuted ethylenes. The evidence for a given force constant 
varying with different substituents is not very definite, 
but it seems likely that, since there is positive evidence 
in some cases, there are real variations in the remainder; 
the effect is more noticeable with two substituents than 
with one. Variations in a group frequency may be due to 
any or all of three causes, (a) changes in the force con- 
stant going with the coordinate determining the group 
vibration, (b) changes in the overlapping coordinates, 
(c) changes in the interaction constants in cross- 
product terms involving the group coordinate. Some 
attempt has been made here to determine the relative 
probabilities of (a) and (b) ;as regards (c), the interaction 
constants are in general negligible with the exception of 
those for interaction with C=C stretching. The non- 
diagonal elements of d° are a measure of the maximum 
allowed values of these interaction constants. It is 
readily shown that in most cases they would have to 
take improbably large values to produce the same effect 
as a given small increment in the square-term constant 
for the group vibration. (See Appendix ITI.) 

It is hoped to treat the skeletal vibrations of substi- 
tuted ethylenes in a second paper. The author wishes to 
express his gratitude to Courtaulds Limited for making 
the present program of work possible, and to Sir Cyril 
Hinshelwood for granting him facilities at the Physical 
Chemistry Laboratory. Also to Dr. H. W. Thompson, 
F.R.S., Dr. J. W. Linnett, and Professor C. A. Coulson, 
for helpful discussions. 


APPENDIX I. ERRORS INTRODUCED THROUGH THE 
FACTORING OF THE C—H STRETCHING MODES 


The following results were obtained with ethylene and 
ethylene-d,; the coordinates used are unnormalized and 
analogous to those used for the substituted ethylenes 













(see Ta 
obtain 
constal 
as pert 
the co 
kinetic 
factore 
frequel 
dy? be 
ethyler 
the cle 
introdt 
is cons 
potent: 
for kin 
Compa 
and de 
excepti 
constal 
be attr 
require 
atoms. 
Bi, roc 
Bou de! 
factore 
and A 
CDCI: 
frans-, 
values 
compo 
percen 
compa 
siderak 
correct 
here si 
molecu 
consist 

If th 
is use 


CD.= 


»(calc.) 
v\ obs.) 1u 


APPEN 


To i 
standa 
waggir 


4;[0.0 


0.0 














for the 
substi- 
mstant 
efinite, 
ridence 
1inder; 
ts than 
due to 
sé con- 
group 
inates, 
cross- 
Some 
elative 
‘action 
tion of 
e non- 
cimum 

It is 
ave to 
- effect 
nstant 


substi- 
shes to 
vaking 
Cyril 
rysical 
apson, 
ulson, 


1 THE 
DES 

1e and 
d and 
ylenes 





ANALYSIS OF VIBRATIONS OF ETHYLENES 1287 


(see Table XII). The un-primed d,1, d22 are the constants 
obtained by solving explicitly,’ assuming the interaction 
constants zero; the Vy: are the energy-fractions, (given 
as percentages), going with this solution. d1;°, d2o*, are 
the constants obtained by applying a correction for 
kinetic coupling in place of factoring and d22”’ is the 
factored Wilson-Pitzer constant. »,’ and »,° are the 
frequencies predicted using d22"’ and d22° respectively, 
dy° being used for both. The differences in the case of 
ethylene are seen to be very small; the constants d* are 
the closer approximation. With ethylene-d,, the error 
introduced by factoring off the C—D stretching modes 
is considerably larger; this would be expected from the 
potential energy distributions. In general, the correction 
for kinetic coupling again gives the better approximation. 
Comparing the corresponding results for the hydrogen 
and deuterium compounds, it is seen that, with the 
exception of the constant for B., stretching, the C—D 
constants are higher than the C—H constants. This can 
be attributed to the different anharmonicity corrections 
required for motions involving hydrogen and deuterium 
atoms. The difference is of the order of 10 percent for 
B,, rocking, 3 percent for Bz, rocking and 1 percent for 
B;, deformation. If the C—D stretching vibrations are 
factored, the following values are obtained for the Ai 
and Ag C—D bending constants in cis- and trans- 
CDCl= CDCI respectively : cis-, d°=0.1055, d’=0.1039; 
trans-, d°=0.1312, d’=0.1126, 10° dynes/cm. These 
values are higher than those obtained with the hydrogen 
compounds by 3 percent for the cis- isomer and 7-15 
percent for the rans, which differences are significantly 
comparable with those found in C2.H, and C2D,. Con- 
siderable difficulty has been experienced in finding the 
correct potential function for the ethylenes;" the data 
here suggest that it may be best to solve for the two 
molecules separately, choosing constants which give 
consistent anharmonicity increments. 

If the partially-diagonalized matrix d’ for CH2=CBre 
is used to predict the fundamental frequencies of 
CD.=CBre, the following results are obtained: 


Ai Bo 


calc.) 1548 1003 455 180 947 642 291), 
Xobs.)1 1544 1019 453 183 932 625 283/™ - 


APPENDIX II. THE DISPLACEMENTS ASSOCIATED 
WITH d’ AND THE ACCURACY OF THE 
REDUCTION dd’ 


To illustrate the effect of partially diagonalizing the 
standard force constant matrix d°, the results for A, CH 
wagging in cis-C2H2Cl, are given below: 


With d’ 
4;[0.00255 1 0.01693 —0.00556] 
0.065 0.554 0.040 —0,.005 
Y.. 98.280 0 0 
7 0.485 —0.011 


0.012 


With d° 
At 0 1 0.01155 —0,00173] 
0 0 0 0 
- 100.225 —0.227 0.001 
ii 0.229 —0,002 


0.001 


To illustrate the degree of accuracy of the reduction 
d°—+d’, the roots of the equation |d’A—XI|=0 were 
found for the class A; factor for cis-C2H2Cl». The calcu- 
lated fundamental frequencies are given below, together 
with the true values: 


v(calc.) 1588.1 1179.6 710.1 162.3, _, 
v(obs.) 1587 1179 711 mir: 


The error for the three higher frequencies is of the order 
of only 0.1 percent. 


APPENDIX III. THE RELATIVE EFFECTS OF A GIVEN 
INCREMENT TO A PRINCIPAL CONSTANT AND 
TO AN INTERACTION CONSTANT, FOR CH 
BENDING MODES IN SUBSTI- 

TUTED ETHYLENES 


The derivatives (0A;/0d;;) are readily obtained for 
the standard solution, as described in a previous paper.” 
These quantities are given here for vinyl chloride: 

















ik 2 
2 101.1 —3.917  —0.091 0.890 1.084 
3 0.152 0.0035 —0.034 — 0.042 
4 0.0001 —0.0008 —0.0010 
5 0.0078 0.0095 
6 0.0116 
Ni i — 
3 52.85 4.070 —1.766 1.783 
4 0.313 —0.136 0.137 31.78 —1.167 4.227 
5 0.059 —0.060 0.043 —0.155 
6 0.060 0.562 


The elements for the other vinyl compounds only differ 
slightly from the above. Inspection shows that a given 
increment in the interaction constant possessing the 
largest derivative has only 4 percent, 8 percent and 15 
percent on the frequencies v2, v3 and v4 respectively as 
the same increment in the main constant. These con- 
stants, (do3, d3, and d4g), have values 0.00775, —0.0142 
and —0.0597 in the standard solution for vinyl chloride. 
The effect of reducing them separately to zero is to 
produce the following increments in the three vibration 
frequencies: 


Ave=+3.14, Avs=+6.37, Avy=+34.11 cm. 


The same effect would be produced by the following 
increments to the principal constants: 


Ad22.= +0.00060, Ad3;=-+0.00219, 
Ady4= +0.01589X 10° dynes/cm. 


The increment in the diagonal element Ag; in passing 
from chloride to iodide is equivalent to a shift 
Av3= —4.53 cm™; for the other two modes, the diagonal 
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elements remain constant and no frequency-shift can 
arise from this source. 

It isseen from the above results that, with the possible 
exception of the CH2 bending mode, it is most unlikely 
that the observed frequency-shifts encountered on 
passing from chloride to iodide could be accounted for 


CHARLES R. MAXWELL 





by variations in small interaction constants normally 
assumed zero. Since we are dealing here with closely. 
related structures, there seems no justification for 
postulating the existence of small interaction constants 
which undergo relatively large variations in passing 
along the series. 
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INCE its discovery in 1898, many investigations 
have been made into the chemical properties of 
polonium but the small quantities of the element avail- 
able in the past made the determination of its ordinary 
physical properties impractical if not impossible. The 
larger, though still minute, amounts of polonium avail- 
able today in the Manhattan Project have made 
possible the development of techniques by which rough 
measurements on some of the physical properties of 
polonium have been made. 
The selection of a method and the accuracy of the 
method were influenced not only by the small amount of 
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Physical Properties of Polonium. I. Melting Point, Electrical Resistance, 
Density, and Allotropy* 
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Measurements on the electrical resistance, thermal coefficient of electrical resistance, melting point and 
density of polonium are reported. An abrupt change in the electrical resistance near 100°C indicates that 
polonium exists in two allotropic forms. Observations which indicate that the temperature for crystal 
transformation is a function of the size and history of the specimen are reported. 
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material available but by the radioactivity of the ele. 
ment: (1) The high specific activity of polonium makes 
it extremely toxic if absorbed into the body, hence any 
method employed must keep mechanical scattering and 
general contamination of the laboratory at a minimum; 
(2) Since polonium has a half-life of 138 days,' the lead 
content of a freshly prepared sample increases at the 
rate of one-half percent per day. Methods requiring a 
long time to attain equilibrium or requiring successive 
measurements over an appreciable period are in- 
practical; (3) The heat produced by the radioactivity 
(0.12 calorie per microgram per hour)! maintains 
polonium and its immediate surroundings at a tempera- 
ture higher than the ambient temperature. The magni- 
tude of this temperature differential varies with the size 
of the sample and the heat transfer characteristics of its 
immediate environment. This phenomenon makes the 
determination or reproducibility of temperature difficult. 

















PREPARATION AND PURITY OF POLONIUM 










Metallic polonium was prepared by electro-deposition 
on platinum foils from dilute nitric acid solution of 
polonium nitrate. Earlier work by other members of the 
laboratory had shown that metal prepared in this 
manner was very pure, except, of course, for lead which 
is formed in the metal after deposition. A further check 
of the purity was made by the spectrochemical analysis 
of a sample used for a melting point determination. The 
analysis showed only the expected amount of lead and 
small amounts of aluminum and calcium. It is believed 
that these latter impurities were introduced with the 
acid used to dissolve the sample in preparing it for 
spectrochemical analysis. In the chemical process used 
in the recovery of the material for subsequent expeti- 
ments it is possible but unlikely that other impurities 


1 W.H. Beamer and W. E. Easton, J. Chem. Phys. 17, 1298 (1949). 
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PHYSICAL PROPERTIES OF POLONIUM I 


were introduced, since the electro-deposition is in itself a 
purification. 


ELECTRICAL RESISTIVITY 


The specific resistivity and the thermal coefficient of 
resistivity were determined on thin distilled films of 
polonium in the apparatus shown in Fig. 1. 

After the introduction of a freshly prepared polonium 
coated platinum foil, the apparatus was evacuated to a 
pressure of from 10~° to 10-* mm of Hg. The polonium 
was then distilled onto the end of the electrode assembly 
by heating the tantalum tube to a dull red heat by high 
frequency induction. The end of the glass electrode 
holder and the electrodes had been ground and polished 
so that they formed a smooth flat surface on which the 
polonium condensed as a thin film and shorted the 
electrodes. 

The apparatus was filled with approximately one- 
third an atmosphere of helium and placed in a vertical 
tube furnace where the temperature was slowly raised. 
The temperature of the end of the electrode assembly 
was measured by the thermocouple which was in contact 
with the glass upon which the film was deposited. 

The /R drop across that portion of the polonium be- 
tween the center electrodes was measured with a 
potentiometer while a constant current, usually 10 ma, 
was being passed through the film between the outer 
electrodes. 

The amount of polonium in the film was determined 
after the completion of the measurements by inserting 
the electrode assembly into a special alpha-counter. The 
dimensions of the film were assumed to be those of the 
rectangular opening in the platinum shield fastened 
across the end of the electrode assembly and the thick- 
ness of the film was calculated by further assuming 
uniform deposition. 

The validity of the last assumption was checked by 
D. T. Vier, who took alpha-ray photographs of several 
films in a special evacuated pinhole camera. The 
density of the photographic image thus obtained was a 
measure of the thickness of the polonium since the 
deposit was so thin that there was no complete self- 
absorption of alpha-particles. Visual inspection of the 
photographic plates showed that the edges of the 
polonium film were quite sharp and the deposition ap- 
parently uniform. Densitometer traces taken from end 
toend of two such images showed a uniform taper in the 
thickness of the deposit amounting to 8 percent in one 
case and 20 percent in the other. The assumption of 
uniform thickness for a film with 20 percent taper 
introduces an error of only 3 percent to 4 percent in the 
calculated specific resistance. 

Microscopic examination up to 200X showed a 
smooth uniform film with small grain size. However, the 
grain size and general character of the films were found 
to be dependent upon rate and temperature of distilla- 
tion. The optimum rate of distillation was different for 
polonium and each .of the metals (lead, zinc, and 


TaBLE I. Electrical resistivity of polonium. 








Thermal coeffi- 
cient electrical 
resistivity* 
a—-Pyo B—Po 


Specific resistivity, 
0°C micro- 
ohm-cm 
a—-Py B-—Po 


Heating Transition 
rate range 


Determination °C/min. “<, 





VIA 
VIB 
VIIA 
VIIB 
VIII 
Average 


— ~86 43 47 
65-85 39 42 
78-110 50 43 
70-105 47 46 

100-130 33 36 

42+10 44+10 


0.0045 
0.0045 
0.0046 
0.0037 
0.0056 
0.0046 


0.0058 
0.0066 
0.0081 
0.0071 
0.0071 
0.0070 








* = (AR)/(Rod:). 


bismuth) used as stand-ins while developing the 
technique. 

The results of several determinations made as de- 
scribed above are shown graphically in Fig. 2 and are 
also tabulated in Table I. 

It will be noted in Fig. 2 that between 65°C and 130°C 
there is a definite discontinuity in each curve. This was 
interpreted as due to a change in the crystal structure of 
polonium. The low temperature phase has been desig- 
nated a-polonium and the high temperature phase 
B-polonium. This interpretation of the discontinuity has 
since been proven correct by the x-ray diffraction 
studies.” 

A polonium film was held at a temperature of — 64°C 
for 12 hours. The resistance of the film was then meas- 
ured as the apparatus was slowly heated to 50°C. There 
was no indication of a phase change in this region. 

It is estimated that all of the polonium films used in 
obtaining these data contained between one-half and 
two percent lead which was formed by radioactive decay 
during the electro-deposition of the metal and the 
preparation of the film. This could not be reduced be- 
cause it was necessary for the freshly prepared film, 
which was deposited as 6-polonium on the uncooled 
electrode assembly, to stand for several hours in order to 
form a-polonium. It was thought inadvisable to subject 
the glass electrode assembly with its many glass-metal 
seals to the thermal shock of a refrigerant during the 
distillation in order to deposit the alpha-phase. 
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Fic. 2. Specific resistivity of polonium. 


2 W. H. Beamer and C. R. Maxwell, J. Chem. Phys. 17, 1293 
(1949). 
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Fic. 3. Electrical resistance curves showing the 
melting point of polonium. 


The average values of 42+10 micro-ohm-centimeters 
for Ro of a-polonium and 44+ 10 micro-ohm-centimeters 
for Ro of B-polonium are believed to be maximum values. 
All undetermined errors due to cracks, porosity or other 
physical defects in the polonium film add to make the 
specific resistivity secured with this technique larger 
than the true specific resistivity for massive metal. 
Furthermore, the presence of the unavoidable lead gives 
an alloy whose resistance is undoubtedly higher than 
that of pure polonium. It is thought that the effect of 
the lead is small since the resistance of a sample did not 
change with lapse of time and increasing lead content. 


MELTING POINT 


Films of polonium prepared in the same manner as 
described for the resistivity measurements were heated 
to temperatures around 250°C. Near this temperature 
the resistance of the films always showed a large, abrupt 
increase which was usually followed by the breaking of 
the film. Figure 3 shows the results of several melting 
point determinations. These curves have been displaced 
vertically to show clearly the change in slope. The point 
of abrupt change in slope was taken as the melting point. 

Figure 4 is a photograph of the end of the electrical 
resistivity apparatus after a melting point determina- 
tion. Globules of once molten metal have formed on the 
ends of the metal electrodes and a rectangular ‘‘fence”’ 
of tiny beads outline the edges of the film. 

The melting points of several other elements (Baker’s 
C.P. grade) were determined by J. B. Roberts using the 
same technique and apparatus with the following results: 
Literature 

271°C 
320.9 
419.5. 


Metal Experimental 
Bi 269°C 
Cd 315 
Zn 417 


A visual melting point was taken with a slight 
modification of the resistivity apparatus. Polonium was 
distilled from a tantalum tube with a small nozzle onto a 
glass surface at liquid air temperature. The sample was 


MAXWELL 


transferred from the distillation apparatus to a jacket 
containing a window through which the polonium deposit 
could be observed and photographed. Figure 5 shows the 
sample after it had warmed up to room temperature, 
Note the large shrinkage cracks produced in the metal 
when it was “heated” from —190°C to 25°C. This 
shrinkage corroborates the evidence of a negative 
coefficient of expansion for a-polonium indicated by 
x-ray patterns. 

The apparatus was placed in a tube furnace and the 
temperature slowly raised. The temperature was meas- 
ured by a thermocouple placed on the other side of the 
glass surface. The polonium deposit was viewed through 
a low power microscope during the heating period. At 
246°C there was a distinct change in the surface of the 
deposit which was interpreted as due to the melting of 
the sample. 


DENSITY 


The density of polonium was determined by measuring 
the length of an “ingot” of polonium which had been 
centrifugally cast into the end of a small capillary of pre- 
determined cross-sectional area. The amount of polonium 
in the ingot was determined calorimetrically by W. E. 
Easton.! 

The polonium was distilled into the capillary and 
sealed from the distillation apparatus by a technique of 
successive vacuum distillations described in detail in a 
companion paper.” The capillary was placed in a special 
centrifuge cup and heated to 450°C, which is well above 
the melting point of polonium. While at this tempera- 
ture the massive centrifuge cup and capillary were 
placed in a centrifuge and whirled until cool. In this 
manner the molten polonium was centrifugally cast into 
the calibrated end of the capillary. The length of the 
“ingot” was then measured with a comparator and 
microscope. 

The density of polonium was calculated to be 9.4 
+0.5 g/cc. 

The capillary and ingot were cooled overnight in an 
oil bath at a temperature of —50°C and then heated 
slowly until the ingot was observed to melt near 250°C. 
The measurements made of the length of the ingot over 


Fic. 4. End of specific resistivity apparatus after melting 
point determination. 
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PHYSICAL PROPERTIES OF POLONIUM I 


this temperature range were not sufficiently accurate to 
detect the allotropic change in polonium or to give a 
measure of the thermal coefficient of expansion. 


THE ALLOTROPY OF POLONIUM 


No extensive investigation of the transformation of 
polonium has been made. The observations presented 
here were incidental to other investigations and the con- 
cusions drawn are only suggestive. 

Both the x-ray data, in an accompanying paper,” and 
the electrical resistivity data of this investigation show 
that alpha- and beta-polonium co-exist for long periods 
of time over a considerable range of temperature and 
that the temperature of the transformation of beta- 
polonium to alpha-polonium is considerably lower than 
the temperature of the transformation from alpha- 
polonium to beta-polonium. Furthermore, the range of 
temperature of the a- to 6-transformation was found to 
vary with the thickness of the sample used for the 
determination. 

For a given film of polonium the range of temperature 
over which the alpha- to beta-transformation is ob- 
served to occur is independent of the rate of heating. 
Data for curve VIA of Fig. 2 was obtained while the 
sample was being heated rapidly. The sample was 
heated from 50°C to 98°C in six minutes. The data for 
curve VIB was obtained several hours later by slowly 
heating the same sample. The transformation began at 
65°C. Eight minutes later the temperature reached 68°C 


3 and was held constant at this temperature for ten 


minutes. There was no change in the resistance to indi- 
cate that the transformation had proceeded during this 
interval. The temperature was then slowly raised until 
the transformation was complete. The temperature 
range from 50° to 98°C was covered in 103 minutes. The 
curves show that in both cases the transformation was 
complete at essentially the same temperature. 

When the samples used in obtaining Fig. 2 were slowly 
cooled to room temperature there were no indications of 
4 B- to a-transition. The f- to a-transition usually re- 
quired 10 to 15 hours for completion at room tempera- 
ture although a decided drop in resistance could be ob- 


Fic. 5. Distilled polonium bead showing thermal cracks when 
heated from — 190°C to 25°C. 
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served in one or two hours. Two complete heating cycles 
for sample VI are recorded in Fig. 6. The numbers on 
the graph give the elapsed time in minutes from the 
start of the first cooling curve. 

The possibility that this hysteresis was solely the result 
of a slow reaction rate was investigated by holding the 
sample used in obtaining curve VIIB, Fig. 2 at 60°C for 
four hours. Although this was 15° below the beginning of 
the a- to 8-transition observed on heating, only one hour 
earlier, there was no change in resistance to show that 
any B- to a-transformation had occurred. 

The range of temperature over which the a- to B- 
transformation occurred was dependent upon the size of 
the sample used in the determination. Curve VIB of 
Fig. 2 obtained with a sample approximately 4000 
atoms thick shows a transition range from 65° to 85°C. 
Curve VIII obtained with a film only 350 atoms thick 
shows a range from 100° to 130°C. Curves VIIA and 
VIIB obtained with an intermediate thickness of ap- 
proximately 3000 atoms show an intermediate range of 
from 75° to 105°C. Other curves with films 10,000 atoms 
thick show a range of 65° to 85°C. 

Apparently the dependence of the transition tempera- 
ture upon the thickness of the polonium is real and not 
the result of a systematic temperature differential be- 
tween the temperature of the polonium film and the 
temperature observed with the thermocouple inside the 
electrode assembly. The temperature of a polonium film 
several thousand atoms thick was found to be only 3° 
above room temperature by the use of a special electrode 
assembly constructed of soft glass with three platinum 
and one platinum-10 percent rhodium electrodes. The 
transition range and melting point were observed to be 
68-86°C and 254°C with this sample. It is believed that 
the true temperature of the polonium is measured by the 
(platinum)-(platinum-rhodium): thermocouple formed 
by the two center electrodes when they are connected by 
the distilled film of polonium and the polonium sample 
is the “bead” of the thermocouple. 

The difference in transformation temperature cannot 
be explained by a difference in lead content since 
resistivity curves run on the same sample with an elapse 
of time sufficient to double the lead content showed no 
appreciable change. 

An unsuccessful attempt to extend these observations 
to higher lead contents and to obtain a liquidus curve 
for lead alloys was made by R. W. Senseman. The 
distilled films upon which the electrical resistivity was 
being measured were destroyed by oxidation when they 
stood for long periods of time. Because of the low 
melting point of polonium there was no obvious way to 
degas the apparatus and prevent this oxidation. 

The dependence of crystal transformation tempera- 
ture upon grain size and heat treatment of the sample 
has been observed in at least one other case by Edwards 
and Lipson’ in their investigation on the transformation 


30. S. Edwards, and H. Lipson, J. Inst. Metals 69, 177 (1943). 
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TABLE II. Comparison of the physical properties of 
polonium and other elements. 








Thermal coeffi- 
cient of electrical Melting 
resistivity point Density 
a =AR/AtRo ~ g/cc 


Specific 
Group in resistivity 

Ele- Atomic periodic micro- 
ment No. table ohm-cm 





Large negative 113 2.07 
coefficient 


Ss 16 VI 2 X10 


34 VIB 2X10" Large negative 220 


coefficient 


52 VIB 2X105 Large negative 


coefficient 


84 VIB 42 (a) 0.0046 (a) 


44 (8) 0.0070 (8) 
VB 115 0.0045 

22 9.0043 

18 0.0040 








of cobalt. The two cases are quite parallel. The 6- to 
a-cobalt transformation and the a- to 6-polonium trans- 
formation both occur over ranges of temperature, the 
length of the range increasing with decreasing size of 
specimen. The transformation begins at different temper- 
atures for both metals and in each case the smaller 
specimen requires the greater thermal stress to make the 
reaction proceed. The reverse transformation in both 
metals occurs only after the specimen has been stressed 
considerably beyond the temperature at which the first 
transformation was observed to be. 

According to Dehlinger* the change in surface energy 
for small grains may become comparable with the 
energy of the crystal transformation, if there is a volume 
change accompanying the transition. In such a case the 
temperature of transition for a specimen would depend 
upon the grain size of the specimen and if there were a 
range in grain sizes then there would be observed a range 
of transition temperatures. The magnitude of the tem- 
perature change would be a function of (1) the surface 
energy, (2) the volume change, (3) the heat of trans- 
formation for massive metal and .(4) the angle at which 
the free energy-temperature curves of the two phases 
intersect. 

Dehlinger calculated that in the case of thallium, 
which undergoes a h.c.p. to f.c.c. transition similar to 
cobalt, the change in surface energy accompanying 
crystal transformation would be of the order of the heat 
of transformation for grains with a diameter of 2X 10~* 
cm. This diameter is of the order of magnitude of the 
thickness of the polonium samples investigated. 


4U. Dehlinger, Metallwritschaft. 11, 223 (1932). 
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Fic. 6. The specific resistance of polonium as a function of 
temperature and heat treatment. O—first cooling curve, []—first 
heating curve, X—second cooling curve, A—second heating 
curve, 10, 1474, etc., elapsed time in minutes. 


Dehlinger’s theory seems to account for the anomalous 
observations on the polonium transition. There is a 
volume increase of 3 percent accompanying the a- to 
B-transition, the transition occurs over a range of 
temperatures and these temperatures increase with a 
decrease in the thickness of the samples used for the 
determination. 

SUMMARY 


Table II lists the properties of polonium as deter- 
mined by this investigation and the properties of other 
elements as taken from the International Critical 
Tables. 

It is apparent that polonium is quite metallic in 
character and resembles Tl, Pb and Bi in its physical 
properties more closely than it does Se and Te although 
these latter elements are in the same group in the 
periodic table. 
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Structures are proposed which account for the powder diffraction patterns obtained from samples of 
polonium containing various amounts of lead. Unusual temperature effects are recorded for a-polonium. 
It is suggested that the Pb and Po are present in interpenetrating primitive cubic lattices which are indis- 
tinguishable because the atomic numbers are nearly the same. 





® INTRODUCTION 


STUDY of polonium by x-ray diffraction pow- 

der photographs was undertaken to determine 
whether the abrupt change in electrical conductivity 
with temperature! is caused by a phase transformation. 
The existence of two forms of polonium has been con- 
firmed and reported earlier. The fact that only micro- 
gram quantities of polonium are available and the 
difficulties of handling a material of such great radio- 
active toxicity have not permitted the growth of single 
crystals for x-ray diffraction. Structures have been 
found which account for the data available from the 
powder diagrams. 


EXPERIMENTAL 
X-Ray Apparatus 


Two cameras were used; one was a 7.5-cm radius 
Debye camera covering a range of sin@-values from 
0,003 to 0.97 ; the other was a back reflecting cylindrical 
type of radius 5 cm covering sin?@ from 0.018 to 0.985. 
Iron and copper radiations from General Electric CA-6 
diffraction x-ray tubes were used with double-coated 
Blue Brand Eastman x-ray film. Direct tests on this 
film showed no appreciable film shrinkage under the 
conditions of the experiments. 

The films were measured without magnification with 
a pointer attached to a slide and vernier. The smallest 
division which could be read on the vernier was 0.1 mm. 
The measurement of any one sharp line had a possible 
error of +0.1 mm; the diameter of any sharp ring had a 
possible error of +0.2 mm. 


Preparation of Sample 


Because of the characteristics of polonium discussed 
in the introduction only glass-enclosed powder samples 
were used. From 30 to 100 micrograms of polonium 
were put into the very end of a thin wall capillary with 


"This paper is based on a portion of a thesis presented by 
C. R. Maxwell in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy at Iowa State College, Ames, Iowa. 
** Present address, Spectroscopy Laboratory, The Dow Chemi- 
cal Company, Midland, Michigan. 

ie Present address, Laboratory of Physical Biology, National 
lnstitutes of Health, Bethesda 14, Maryland. 

'C. R. Maxwell, J. Chem. Phys. 17, 1286 (1949). 

tif H. Beamer and C. R. Maxwell, J. Chem. Phys. 14, 569 


three successive vacuum distillations. The capillary was 
drawn from a low absorbing lithiaborosilicate glass 
(Corning No. 707) which can be sealed directly to 
Pyrex. A drawing of the apparatus used is shown in 
Fig. 1. 

The procedure for the preparation of powder samples 
was as follows: 

(1) The capillary and the end of the distillation 
apparatus up to the point (A) was thoroughly out- 
gassed to get rid of oxygen, evacuating to a pressure of 
10-* mm of Hg for 15-20 hours while holding at a 
temperature of 400-425°C in a tube furnace. 

(2) The polonium was electroplated on a 40-mil 
platinum wire. The wire was placed in a small closed- 
end platinum tube (8) which was in turn placed in a 
small close-fitting quartz tube (C). 

(3) The distillation apparatus was filled with a posi- 
tive pressure of helium and the quartz tube (C) was 
inserted at the end (£) while helium was flowing through 
the apparatus. The apparatus was again evacuated to a 
pressure of approximately 10-* mm of Hg. 

(4) The quartz tube was slid to the position (F) by 
tilting the apparatus on a ball joint. A high frequency 
induction coil was placed around the entire apparatus 
at (F) and the platinum tube heated rapidly to a red 
heat. This distilled the polonium from the platinum 
wire in from 5 to 10 seconds. The polonium condensed 
as a shiny metallic mirror on the walls of the apparatus 
near the capillary. The quartz tube served as insulation 
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Fic. 1. Apparatus for preparation of x-ray sample. 
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TABLE I. Calculated and observed spacing and intensities for 
a-polonium. Simple cubic with a=3.345A. 








Observed 
intensity 


100 VS 
80 VS 
40 MS 
25 M 
55S 
45S 


10 W 
30 M 
25 M 
15 MW 
. 
15 MW 
30 M 


1.432 12 5F 
1.5193* 132 20 W 
1.608* 144 15 VW 


Calculated 


Calculated 
1/d? intensity 


Observed 
1/d? 


h?+k2 +12 





0.0894 
0.1787 
0.2681 
0.3575 
0.4469 
0.5362 


0.7150 
0.8045 
0.8937 
0.9831 
1.0725 
1.1619 
1.2512 


0.0896 
0.1795 
0.2692 
0.3595 
0.4486 
0.5371 


0.7169 
0.8065 
0.8978 
0.9866 


1.1628 
1.2526 


1.4300 
1.5193 
1.6087 








* Average of resolved ai- and a2-measurements. 


and prevented the red hot platinum from breaking the 
glass tube. 

The apparatus was open to the vacuum line during 
the distillation so that any permanent gases liberated 
from the platinum and quartz were continually re- 
moved. During the distillation the pressure of the 
permanent gases in the system did not exceed 10~* mm. 

(5) The quartz tube and platinum were returned to 
position (£) and the apparatus was sealed off at 
point (G). This tube was wrapped in glass wool and 
placed in a tube furnace so that the end of the capillary 
was exposed to the open air. The tube furnace was held 
at 400°C for two or three hours. Due to the temperature 
gradient in the apparatus the polonium migrated into 
the capillary but since the temperature gradient in the 
capillary was not sharp, the polonium was distributed 
. over a considerable length (#) of the capillary. 

(6) The capillary was sealed off from the main appa- 
ratus at the point (J), and placed in a close-fitting hole 
in an aluminum block which was held at 400°C for 
another few hours. The temperature gradient in the 
capillary was now sharp and the polonium migrated to 
the end of the capillary. F 

(7) The capillary was then mounted and photo- 
graphed in the usual manner. By this procedure a small 
amount of polonium was concentrated into one spot in 
a capillary without exposure to air or danger of mechani- 
cal loss. 

The capillaries used were 0.3 to 0.4 mm O.D. with a 
wall thickness of approximately 0.02 mm or less. The 
alpha-particles which are released by radioactive decay 
and which have a range in air of 5 cm at this altitude 
(7300 ft.) often penetrated the capillary walls (five cm 
of air is equivalent to 0.02 mm of glass). The alpha- 
particles from sample II used in obtaining films 27 and 
28 reported in Tables I and II had a range of over two 
cm in air after penetrating the capillary walls. 
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Calibration of Cameras 


The technique described for the preparation of polo- 
nium samples was developed with zinc as a stand-in for 
polonium. Zinc was selected because it has approxi- 
mately the same vapor pressure as polonium. These 
samples were used to calibrate the cameras for the 
investigation. The zinc was obtained by electro- 
deposition from a solution of Baker’s C.P. zinc sulfate. 
The constants for the crystal structure of zinc were 
taken from Barrett? and were: a= 2.6595A ; c=4.9368A. 
The values for the camera radius which were calculated 
from individual zinc lines did not vary with the diffrac- 
tion angle as did the values calculated from the pattern 
of a nickel wire of comparable size photographed in the 
same mounting. This indicates very small absorption 
in small metal samples prepared by this technique. 


Estimation of Intensities 


Estimations of intensities were made visually. In 
addition to the usual method of reporting intensities 
from very strong (VS) to faint (F), a numerical value 
was assigned to each line. 

An arbitrary high value in agreement with the value 
of the calculated intensity was assigned to the first line. 
The intensity of the second line was estimated in terms 
of the first line and a value assigned. The intensity of 
the third line was estimated in terms of the assigned 
value for the second line and so forth. The error in any 
estimation was thus carried through all subsequent 
estimations. Any non-linearity in the exposure clarac- 
teristics of the film affects these numerical values. 

The intensity estimations were made difficult by the 
presence of an over-all background from the gamma- 
radiation associated with the radioactive decay. An 
exposure of 100 hours to the gamma-radiation from one 
sample completely blackened the film. The average 
exposure for unfiltered copper radiation was 10-12 
hours, while CuKa-radiation secured by filtering with 
one mil nickel foil required an exposure of 30 hours. 
The a-phase polonium patterns were exposed to gamma- 
radiation for several additional hours while the sample 
was cooled before x-ray exposure. 


Temperature Measurement and Control 


Only a rough estimate can be made of the temperature 
of the polonium samples when the diffraction patterns 
were photographed. The heat evolved in stopping the 
alpha-particles is 27.42 calories/curie/hour, so the 
sample is maintained at a temperature above that of 
its surroundings. The actual temperature of the sample 
depends upon the distribution of the polonium in the 
capillary, thickness of the capillary walls, and thermal 
contact with the surrounding air. 


3C. S. Barrett, Structure of Metals (McGraw-Hill Book Com- 
pany, Inc., 1943), p. 554. 
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The diffraction patterns photographed with freshly 
prepared samples at thermal equilibrium with static air 
always showed the high temperature, or 6, phase only. 
The low temperature, or a, phase pattern was only 
obtained after prolonged cooling in a stream of re- 
frigerated air. On returning the sample to thermal 
equilibrium with static air at room temperature, the 
diffraction pattern was predominantly that of 8-polo- 
nium although the stronger a-polonium lines were 
always present. Thus it appears that the temperature 
of the polonium samples when in equilibrium with 
static air at room temperature was near the a- to 
$-transformation temperature. In view of the electrical 
resistivity measurements the temperature of the polo- 
nium sample under these conditions is estimated as 
754+15°C. 

To obtain the a-phase alone the polonium samples 
were cooled by a stream of dry air which had been 
refrigerated by passing through a copper coil immersed 
in dry ice and trichloroethylene. A constant, brisk rate 
of flow was used to obtain as good heat transfer as 
possible and thus decrease the temperature differential 
between the metal and the air stream. 

The temperature of the air stream was determined by 
exploring the air stream in the vicinity of the sample 
with a thermocouple made of 3-mil wire. This tempera- 
ture was found to be approximately — 10°C. The tem- 
perature of the polonium sample under this condition 
isestimated as 10+10°C. 


RESULTS 
Crystal Structure of e-Polonium 


The diffraction pattern of a-polonium can be inter- 
preted as that arising from a simple cubic crystal with 
a parameter of 3.345+-0.002A. 

Columns (3) and (6) of Table I list the spacings and 
intensities observed on the best a-Po film. Columns (2) 
and (5) list the corresponding values calculated for a 
simple cubic structure with a=3.345A. 

The film from which the values in Table I were taken 
was photographed with Ni filtered CuKa-radiation. 
The film had a very high background since it was 
exposed to gamma-radiation for 55 hours while the 
sample was cooled and photographed. The spacing 
corresponding to (h?-+-k?+/*) equal to 12 was not ob- 
srved on this film but has been observed on other 
films with less background. A freshly prepared sample 
was used so that the lead content (approx. 1.5 percent) 
would be as low as possible. 

The agreement between observed and calculated 
Values of 1/d? is quite satisfactory. A variation of 
0.002A in the parameter would cause the observed and 
calculated patterns to disagree by an amount larger 
than the experimental error in measuring this particular 
film. Hence, the precision with which the parameter 
may be determined is ++0.002A although the parameter 


TABLE II. Calculated and observed spacings and intensities 
for B-polonium. Simple rhombohedron a=3.359A, a=98° 13’. 








Pseudo- Rhombo- 
cubic hedral Calculated Observed Calculated Observed 
h?+k?2+l? indices 1/d? 1/d? intensity intensity 


6 0.0931 0.0931 200 200 VS 





10 I 0.1552 0.1550 100 S 
14 0.2173 0.2169 60 MS 
16 I 0.2483 =: 0.2486 50 M 
24 0.3725 0.3733 50 M 


26 1 0.4035 0.4045 60 MS 
30 0.4656 0.4669 k 15 MW 
34 0.5277 0.5279 5 60 MS 


40 0.6203 0.6231 8 W 
46 0.7139 0.7153 15 W 


0.8393 30 MW 


0.8708 7 5 VW 
7 


0.9941 10 W 


1.0255* 10 W 


1.0868* 5 VW 


Lie B . 3 F 
311 — not obs. 


321 1.3344* 2F 
322 


320 1.3947* 1F 
330 


322 
410 1.4586* i5s MW 
411 
222 
96 331 1.4898 1.4902* 
400 
104 430 1.6140 1.6126* 110 


106 321 1.6450 1.641 144 
421 144 








* Value is average of resolved ai- and a2-measurements. 


change associated with the large uncertainty in tem- 
perature is much larger than this. 

The agreement between the calculated and observed 
intensities is excellent for the first six lines. The ob- 
served intensity values for the high angle lines were 














W. 4H. 











TABLE III. 
Ratio a-Po B-Po 
Goldschmidt 1.04 3.42 3.49 
Westgren and Almin 1,123 3.69 3.77 
Pauling 3.47 3.54 
This work 1.07 3.52 3.60 








considerably less than the calculated intensity values. 
There is a general weakening of the entire observed 
pattern with increasing diffraction angle and not an 
isolated weakening of a particular line. This trend in 
the intensities of the higher angle lines was observed 
with both a-Po and 6-Po and in the calibration photo- 
graphs taken with a zinc sample prepared in the same 
manner. Comparison should be made between adjacent 
or near adjacent lines. When the ratio between the 
observed intensity values of adjacent lines is compared 
with the ratio between the calculated values for the 
same lines, satisfactory agreement is obtained for the 
entire pattern. 

The calculated density for this structure is 9.32 g/cc 
which is in the satisfactory agreement with the meas- 
ured value of 9.4+0.5 g/cc. 

The structure belongs to the space group O;,!. 


Crystal Structure of -Polonium 


The diffraction pattern of 6-polonium can be inter- 
preted as that arising from a simple rhombohedral 
crystal with a parameter of 3.359+0.002A and an angle 
of 98° 13’+3’. 

Columns (4) and (6) of Table II list the spacings and 
intensities observed on the best 8-Po film. Columns (3) 
and (5) list the corresponding spacings and intensities 
calculated for a rhombohedral cell with a=3.359 and 
a= 98° 13’. In Column (2) are listed the corresponding 
rhombohedral indices. The spacings of this pattern 
occur in the ratio of simple whole numbers, and cubic 
indices may be assigned to each line. Column (1) lists 
the (h?+-k?+-/*) values corresponding to the pseudo-cubic 
indices. 

The agreement between observed and calculated 
spacings is completely satisfactory. When the ratio 
between the observed intensity values of adjacent lines 
is compared with the ratio between the calculated 
values for the same lines, satisfactory agreement is 
obtained for every line except line “94.” The presence 
of a high background makes it impossible to say 
whether this apparent discrepancy is real or not. The 
line is very sharp, and for this reason may appear more 
intense. 

Two or more indices are assigned to thirteen of the 
twenty-two spacings observed in 6-Po. This accidental 
agreement in the spacings of different families of planes 
must be very close since the lines observed on the 
photographic film are quite sharp. Exact agreement for 
all such accidental superpositions is obtained when 
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a= 98° 12’ 40’. The exactness of this superposition js 
a function of a alone and does not depend upon the 
parameter a. The exactness of the superposition of 
planes 400 and 331 observed together as line “96” 
is the most susceptible to slight changes in a. A change 
of +3’ would cause the spacing of these planes to be 
different by an observable amount. Similar considera- 
tion of planes 410 and 411 observed as line “94” sets a 
limit of +5’. The distance between lines “94” and “96” 
is also very dependent upon a. A change of more than 
+3’ would be easily detected. 

Because of the pseudo-cubic nature of the 8-Po pat- 
tern, many crystal lattices will give completely satis- 
factory agreement between the calculated and observed 
values of the spacings. A number of possible structures 
in the cubic, orthorhombic and hexagonal systems have 
been considered and ruled out on intensity calculations. 

The patterns reported in Table I and II were ob- 
tained from the same sample. The §-polonium pattern 
was photographed immediately after the preparation 
of the sample. The lead content at this time was 
0.5 percent. 

The calculated density for this structure is 9.51 g/cc 
which is in satisfactory agreement with the measured 
value of 9.40.5 g/cc. 

This structure belongs to space group D3,°. 



















The Po-Pb Alloy System 





The effect of the growth of lead in the polonium on 
the x-ray pattern was studied by following a sample for 
one half-life, 138 days. No new lines were observed on 
any of the films taken over this period indicating that 
lead forms a solid solution with a-polonium to the 
extent of at least 50 atomic percent. The photographs 
taken the first few days showed only the pattern of 
B-polonium. The sample was cooled and the pattern 
of the a-phase was obtained when the sample contained 
4 percent lead. All subsequent photographs taken with 
the sample in thermal equilibrium with static air showed 
some lines of a-Po. At first the pattern was predomi- 
nantly that of B-Po with only the stronger a-Po lines 
appearing. With time the a-Po lines gained in intensity 
while the B-Po lines lost. The B-Po lines were not ob- 
served when the sample contained more than 25 atomic 
percent lead. This change in the relative amounts of the 
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Fic. 2. Parameter of crystal lattice of Pb-Po alloys. 
o=uncooled sample, © = cooled sample. 
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two phases present is probably a function of the lead 
content and of the temperature which is decreasing 
with the decay of the sample. 

Figure 2 shows the parameters of the two phases as 
a function of time. The parameters plotted here are 
averages calculated from low angle, strong lines. These 
lines were selected because they appeared on all films 
and had no interferences. Since systematic errors in the 
camera affect the value of the parameter calculated 
from low angle lines the same lines were used to compare 
parameters from film to film. The values of the param- 
eter of a-polonium designated by encircled points on 
Fig. 2 were calculated from films taken while the sample 
was cooled. The average parameter for the a-Po lines 
recorded on these films is 3.345A. The other points 
were taken while the sample was in equilibrium with 
static air at room temperature. The average parameter 
for a-Po recorded on these films is 3.286A. The differ- 
ence is many times larger than the differences between 
the individual measurements which were averaged. 
We are not able to offer a suitable explanation for this 
temperature effect. If the structure of these alloys is in 
reality more complex than our data indicates, the 
parameter plotted in Fig. 2 may have no physical sig- 
nificance in the true structure. If, on the other hand, 
the plotted parameter represents a distance between 
primary lattice sites, a negative coefficient of thermal 
expansion is indicated. Based on the simple cubic 
structure and using the temperature estimates made 
earlier the value of this coefficient for alloys containing 
4 percent to 9 percent lead is —300+100X10-* cm/ 
m/°C. From diffraction patterns at 41 percent lead 
the coefficient is about — 30 10-* cm/cm/°C. 

Only one film was made recording the 6-phase at a 
temperature lower than normal. The parameter value 
from this film is indicated also by an encircled point on 
the 6-polonium parameter plot of Fig. 2. The sample 
contained 1.5 percent lead when the film was made. 
The coefficient of expansion from this single parameter 
value is +50+25X 10-* cm/cm/°C. 


Atomic Diameter of Polonium 


Figure 2 shows that the parameter of a-polonium 
phase decreases slightly with time. Neglecting the tem- 
perature change of the sample and taking the extrapo- 
ted value of the atomic diameter of a-polonium at 
ro lead content as 3.288A the atomic diameter for 
lead was calculated to be 3.27A in a simple cube with a 
coordination number of six. 

The atomic diameter of lead in a f.c.c. crystal with 
coordination number of twelve is observed to be 3.49A. 
The ratio between this value and the value calculated 
lor a coordination number of six is 1.07. According to 
Goldschmidt‘ the expected ratio is 1.04. On the other 
hand Westgren and Almin® have, on the assumption 
ee 

‘V. M. Goldschmidt, Zeits. f. physik. Chemie 133, 397 (1928). 


. A. Westgren and A. Almin, Zeits. f. physik. Chemie, Abstract B 
§, 14 (1920). 
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of constant atomic volume, calculated the ratio to be 
1.123. More recently Pauling* has developed an equa- 
tion for the change of atomic diameter with coordination 
number based on the idea that metallic bonds are 
resonating covalent bonds. His equation predicts a 
value of 3.31A for lead with a coordination of six. 

Possible values for the atomic diameter of polonium 
with a coordination number of twelve are listed below 
using the ratios of Goldschmidt, Westgren, and Almin, 
the Pauling formula, and the ratio obtained for lead 
in the above. These values are for polonium at a tem- 
perature where the two phases co-exist, probably near 
75°C (Table III). 

Hume-Rothery’ has divided the periodic table into 
three classes according to the crystal structures of the 
elements. 

Class I includes those elements which have the typical 
metallic structures, body-centered cube, face-centered 
cube and close-packed hexagonal. 

Class III contains the elements of Groups IV, V, VI, 
and VII which crystallize so that each atom has (8-) 
close neighbors, where N is the number of the group 
to which the element belongs. The structure of sulfur 
and selenium (Group VI) are such that the atoms are 
arranged in spiral chains so that each has two close 
neighbors in accordance with the ‘(8-N) rule.” 

The elements of Class II form a transition group in 
which the crystal structure is a distorted form of the 
typical metallic structures. Examples of this class are 
zinc, cadmium, and mercury. In considering the struc- 
tures of other members of this class Hume-Rothery has 
pointed out that the interatomic distances of thallium 
and lead are much greater than that of the preceding 
univalent element gold and that the same is true for 
indium and white tin in relation to silver. In the first 
long period the interatomic distances do not change 
greatly in the whole series of elements. This can be 
explained by assuming that these four metals of Class 
III are incompletely ionized. 

Polonium most closely resembles this sub-group of 
elements. The simple cubic structure has not been 
observed for any other element. It has the symmetrical 
properties associated with true metallic bonding but it 
represents a rather loosely packed structure. If polonium 
were a member of Class III and conformed to the 
(8-N) rule, one would expect its interatomic distance to 
be of the order of magnitude of 3.10A observed for 
bismuth. Instead the interatomic distance is observed 
to be around 3.60A when corrected for change in 
coordination number. With the same coordination num- 
ber the interatomic distance of polonium is slightly 
larger than that of lead. Further the melting point, 
electrical resistance, density, and hardness are similar 
to those of lead and are characteristic of metallic 
bonding. 

6 L. Pauling, J. Am. Chem. Soc. 69, 542 (1947). 


7W. Hume-Rothery, The Structure of Metals and Alloys (Insti- 
tute of Metals, London, 1936). 
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It has been suggested that the lead always present in 
polonium samples may exert a great effect on the struc- 
ture. These samples contain from 1.0 percent to 50 
percent lead. At the higher concentrations of lead the 
NaC] type structure is likely. The atomic number of 
lead and polonium are 82 and 84 respectively and so 
intensities of lines from Pb-containing planes and from 
Po-containing planes would be very nearly equal. At 
low lead concentrations the interpenetrating lattices of 
Pb and Po might be maintained with Po atoms occupy- 
ing the sites not filled by Pb atoms. This explanation of 
the simple cubic and simple rhombohedral patterns 
would fit well with the observed solubility of lead in 
the polonium and with the fact that PbS, PbSe and 
PbTe all have the NaCl structure. © 


W. H. BEAMER AND W. 
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The half-life of polonium has been measured by a calorimetric method. The reproducibility and precision 
of the data is much greater than has been previously reported. The value is found to be 138.30.1 percent 


days. 
INTRODUCTION 


HE half-life of polonium has been measured many 
times and values in the literature vary from 126 
to 148 days.' Counting, total ionization, and calori- 
metric methods have been used. Schweidler? measured 
the decrease of ionizing power of a sample of polonium 
mounted on a copper foil over 2200 days and found the 
half-life to be 136.5 days. This value was accepted for 
some time. M. Curie* found the half-life to be 140 days 
by electrical counting methods extending over 184 days. 
The polonium was deposited on quartz and covered 
with an aluminum foil 0.01 mm thick. 

There are a number of errors inherent in the counting 
methods, such as coincidence corrections, change of 
counter characteristics, etc. Several of these tend to in- 
crease the apparent half-life, for example, incomplete 
separation from other radioactive substances such as 
radium D. However, most of the errors tend to decrease 
the half-life by effective decrease of the amount of 
polonium with time. (1) Atomic aggregates of polonium 
are known to be knocked off the sample by alphas 
leaving the material; (2) diffusion of polonium into the 


* Present address: Spectroscopy Laboratory, The Dow Chemical 
Company, Midland, Michigan. 

** Present address: 1550 Stone Road, Rochester, New York. 

1St. Meyer and E. Von Schweidler, Radioaktivitat (B. G. Teub- 
ner, Leipzig, 1927), second edition. 
2 E. V. Schweidler, Verh. d. D. Phys. Ges. (2), 14, 539 (1912). 
3M. Curie, J. de phys. et rad. (6) 1, 12 (1920). 





support material; (3) covering of the surface of the 
polonium by a layer of oxide or foreign material. These 
effects are all known to occur. 

The calorimetric method, which measures the de- 
crease of heat evolution with time of a sealed polonium 
sample, is affected only by these errors: (1) radioactive 
impurities, (2) heat evolved by secondary chemical or 
nuclear reactions produced by the alphas. Microcalori- 
metric determinations of half-life have been made by 
Sanielevici* (138.7+0.4 percent and 139.6-+1 percent) 
and A. Dorablaska® (137.6+0.4 percent) but the 
measurements of the heat evolved were not consistent. 
The value of the heat evolved by a curie of polonium can 
be calculated from the energy of the alphas and of the 
recoil lead atoms. The accepted value for the energy of 
the alpha-particles is 5.303 Mev as measured by 
Rutherford, Wynn-Williams, Lewis, and Boden.® The 
alpha-spectrum for polonium has been investigated by 
Chang’ and found to contain less than 0.1 percent of 
alphas different in energy from the 5.303-Mev value. 
Polonium gives off about seven quanta of gamma-rays 
per million alphas ;$ this can be neglected. The energy of 
the recoil atoms, disregarding relativity effects, is 


4A. S. Sanielevici, J. de chimie phys. 33, 779 (1936). 

5 A. Dorablaska, Roczniki Chem. (Poland) 11, 475 (1931). 

6 Rutherford, Wynn-Williams, Lewis, and Boden, Proc. Roy: 
Soc. A139, 617 (1933). 
7W. Y. Chang, Phys. Rev. 69, 60 (1946). 
8 W. Bothe, Zeits. f. Physik 96, 607 (1935). 
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A(a)+A (recoil) or 4/206 of that of the alpha. Thus 


(1+4/206) 5.303 Mev/alpha X 1.6020 
X 10-* erg/MevX 2.208 X 10"? alpha/min./curie 


> 





10’ erg/joule (abs.) 
-Q0= 114.7 joules (abs.)/curie/hour. 


EXPERIMENTAL 


Preparation and purity of samples.—In this investiga- 
tion two samples were studied. The pure polonium was 
eectroplated from a dilute nitric acid solution onto a 
platinum foil. This foil was placed inside a platinum 
capsule in a nitrogen atmosphere and then this was 
sealed off in a glass ampule after evacuation and filling 
with pure helium. By the use of a noble metal and a 
helium atmosphere the possibility of secondary reactions 
was minimized. The neutrons produced by the (a, m) 
reaction are an indication of the purity of the deposit. A 
count of the neutrons emitted by the samples was very 
low and showed no rise over the period of time the 
samples were measured, thus indicating that the samples 
were free of significant quantities of light elements. A 
count of the gammas from the samples agreed very well 
with the value of pure polonium thus indicating the 
absence of other gamma-emitters or of impurities giving 
off gammas in secondary reactions. 

Apparatus—The calorimeter used in these experi- 
ments was a modification of that described by Watson 
and Henderson® and Rutherford and Robinson." This 
modification was developed by Dr. L. V. Coulter. It con- 
sists of two aluminum cylinders on each of which are 
wound the two opposite arms of a copper wire (No. 38 
double silk) resistance bridge. The aluminum cylinders 
are mounted rigidly by wooden pegs in separate brass 
tubes which are immersed in a constant-level water bath 
which is held to a constant temperature at about 30°C 
+0.001°C, The sample, centered in a cylindrical brass 
container, is placed in one of the aluminum tubes and 
the unbalance of the d.c. bridge is determined by a 
potentiometer when equilibrium is reached. At this 
point the heat evolved is equal to the heat leaking out to 
the bath and the temperature of the aluminum bobbin is 
constant. This heat effect is calibrated by passing a 
known current through a manganin heater of known 
resistance which replaces the sample in the sample tube. 
The other tube is used as a dummy and contains a 
dummy sample holder during the runs but stays at the 
constant temperature of the bath. The current which 
passes through the heater passes through shorted leads 
inthe dummy to reproduce heat effects of the leads. The 
value of the temperature rise of the sample container 
and therefore the magnitude of the voltage across the 
bridge and the time elapsed in obtaining equilibrium 
depends upon the amount of heat generated by the 
‘ample and the heat leak away from the aluminum tube. 
ES 


»,Watson and Henderson, Proc. Roy. Soc. A118, 318 (1928). 
“Rutherford and Robinson, Phil. Mag. 25, 312 (1913). 


III 1299 


Figure 1 gives the calorimeter bridge circuit. Figure 2 
gives the heater circuit. A Wenner thermocouple 
potentiometer is used across the resistance bridge. The 
lowest dial of the lower of the two ranges reads in 0.1- 
microvolt increments. This potentiometer is also used 
across the standard resistance shown in Fig. 2 to set the 
bridge current at a constant value. The potentiometer 
for the energy circuit is a Leeds & Northrup Type K-1 
and the current and voltage across the heater are meas- 
ured to five significant figures. 

A typical measurement of polonium sMple for the 
half-life determination follows these steps: . 

(1) The bridge current is adjusted to its constant 
value and this adjustment is checked frequently during 
the whole series of operations. 

(2) Since all the resistances of the bridge are not 
exactly the same, readings of the unbalance of the bridge 
are made with the empty sample holder in place. The 
bridge drop is always measured by taking readings until 
three or four values taken at five-minute intervals agree 
within 0.1 or 0.2 microvolt and no trend is observable. 
This reading is called the zero value of the bridge. 

(3) The sample is placed in the sample holder and 
when equilibrium has been established the voltage 
across the bridge is read as before. 

(4) The sample is replaced by the heater and a zero 
value obtained. This differs slightly from the zero 
without the heater. 

(5) The current is passed through the heater to 
duplicate the voltage of the bridge obtained from the 
sample. The current through the heater and the 7R drop 
across the heater are measured. Since it is often not 
possible to duplicate exactly the potential drop caused 
by the sample a straight line interpolation is made to 
find the value of the sample. This interpolation is taken 
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TABLE I. Sample 1. 
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TABLE IT. Sample 2. 








Value of sample 






Value of sample 








Point No. Days in curies Point No. Days in curies 
| 0 1.093 1 0 1.435 
7.03 1.051 2 8.87 1.371 
3 9.03 1.043 3 9.75 1.366 
4 10.01 1.036 4 10.88 1.356 
5 15.01 1.009 5 13.86 1.338 
6 21.00 0.9826 6 20.76 1.291 
7 23.01 0.9674 7 23.04 1.278 
8 26.95 0.9526 8 29.82 1.238 
9 , 28.97 0.9424 9 31.83 1.224 
10 31.03 0.9305 10 34.84 1.202 
11 34.08 0.9191 11 36.82 1.190 
12 35.94 0.9091 12 38.81 1.179 
13 38.06 0.8986 13 41.83 1.161 
14 40.98 0.8805 14 46.01 1.140 
15 43.01 0.8761 15 48.83 1.121 
16 47.96 0.8576 16 50.74 1.115 
17 49.93 0.8490 17 55.74 1.085 
18 51.97 0.8396 18 57.65 1.072 
19 54.97 0.8272 19 64.51 1.036 
20 57.03 0.8186 20 66.55 1.027 
21 58.94 0.8132 21 71.91 1.001 
22 61.96 0.7987 a2 73.49 0.9922 
= a a aaes P Least squares equation: logy =0.15644 —0.0021773 X half-life =138.26 
25 68.96 0.7706 ai 
26 73.52 0.7547 a Se 
27 75.95 0.7460 ; 
28 77.92 0.7361 three thermoregulator-controlled 250-watt knife heaters. 
= nya pay The temperature of the room is maintained constant 
31 93.12 0.6905 within +1°F by special air-conditioning apparatus. 
32 97.00 0.6648 


‘ Least squares equations: logy =0.03710 —0.0021763 X half-life =138.32 
ays. 








from a calibration curve for the instrument and never 
has to be made over a range of more than one percent of 
the value of the sample. The calibration curve is a 
straight line over the range of heat input used. For very 
small samples a current is passed through shorted leads 
in both the dummy and sample holders when the sample 
is being measured to duplicate any heat effects produced 
when the heater is in place. 

The water bath is maintained at a constant tempera- 
ture near 30°C to within +0.001°C by a mercury-in- 
glass thermoregulator which operates a thyratron relay 
circuit. The circular bath is about three feet in diameter, 
holds about 100 gallons of water and is stirred by a 
centrifugal pump which circulates 110 gallons of water a 
minute. The water is heated by three constant heat and 


RESULTS 


The results of the experiments are shown in Tables I 
and II for the two samples studied. Column 1 gives 
time in days; column 2 gives the value of the sample. 

The half-life was obtained from the data by the least 
squares method. The probable error of the least squares 
constants was calculated by the standard procedure" 
and found to be about +0.05 percent for both samples. 
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11 A, G. Worthing and J. Geffner, Treatment of Experimental 
Data (John Wiley and Sons, Inc., New York, 1943), p. 249. 
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The Dimensions of Chain Molecules Containing Branches and Rings 
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Formulas for the mean square radii of various branched and ringed polymer molecules are developed under 
the usual assumptions regarding the statistics of chain configuration. For branched molecules, the mean 
square radii vary less rapidly with molecular weight than for strictly linear molecules, while for systems 
containing only rings and unbranched chains the variation is more rapid than for the linear case. These 
results show that in principle the quantity of branches or of rings can be determined from light-scattering 





I. INTRODUCTION 





T is well known that no quantitative methods of 

determining the presence of branching in a high 
polymer chain molecule are now in use. Recently, how- 
ever, it has been shown that the light-scattering phe- 
nomenon may be employed to measure the mean square 
radius of a molecule.'~* 

The purpose of this paper is to calculate the mean 
square radii of molecules containing branches and rings 
in order to develop a method of demonstrating the 
presence or absence of such structures. It has been 
known for some time that the mean square of the dis- 
tance between any two points on a flexible polymer 
chain is proportional to the number of segments between 
these points, as long as certain assumptions hold. It 
will be shown that as long as this proportionality exists, 
the calculation of the mean square radius of branched 
molecules is not a difficult matter. 

The most significant and questionable assumption 
involved here is the neglect of what has been called the 
“volume effect,” i.e., the prohibition of configurations 
of the chain in which two segments occupy the same 
position. 

Fortunately there is at least one way out of the diffi- 
culty. Since the bonds in polymer chains are generally 
rather stiff, a collision of two segments of the same chain 
isonly likely to occur if the loop between the segments 
is large compared to the segments. Consider now that 
around one of the segments a sphere is described, whose 
diameter is several times the diameter of the segment 
but much less than that of the loop. Unless there are 
attractive forces between the segments, the second 
segment will be less likely to lie inside the circumscribed 
sphere than it would in an equal volume outside, be- 
cause of the volume excluded in the sphere by the first 
segment. But if there are attractive forces between the 
segments, over and above those normally existing be- 
tween segments and solvent, the probability of the 
second segment lying in the sphere may be increased 
ee. 

'P. Debye, J. Phys. Coll. Chem. 51, 18 (1947). 


; Doty, Affens, and Zimm, Trans. Faraday Soc. 42B, 66 (1946). 
B. H. Zimm, J. Chem. Phys. 16, 1099 (1948). 
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again. In fact, the probability may become equal to 
what it would be in an equal neighboring volume which 
does not include a segment initially. In this condition, 
therefore, the volume effect may properly be neglected. 

It has also been shown‘ that when the probability of 
occupancy of a region by a segment is independent of 
the possible previous presence of another segment in 
the region, the “second virial coefficient” (A» below) 
in the power series expansion of the osmotic pressure of 
the solution vanishes. That is, when A: in the expres- 
sion for the osmotic pressure, 7, in terms of concen- 
tration, c, 


w=A,ct+Ao?+A3F+ ie 


is zero, the volume effect may be neglected in the cal- 
culation of the mean square radius of the molecules.** 

Of course, further investigation may show that the 
volume effect may also be negligible under other cir- 
cumstances as well. In any case, it will be omitted in 
the following calculations. 


II. PRELIMINARY OPERATIONS 


Chain molecules may generally be divided, in a more 
or less arbitrary way, into small units which by repeti- 
tion may be considered to generate the chain. Such units 
will be called segments. While most of these segments 
will be attached to only one or two others, certain ones 
may be attached to three or more. Such segments will 
be termed branch units. The number of segments at- 
tached to a branch unit will be called the functionality 
of the branch unit. 

In a chain molecule we may select a certain segment 
for particular attention, referring to it as the reference 
segment. Let the vector to some other segment, e.g., the 
ith segment, from the reference segment be x;, while 
the vector from the center of mass of the molecule to 








4B. H. Zimm, Polymer Bull. 1, 53 (1945); J. Chem. Phys. 14, 
164 (1946). 

4a Since the above was written, an interesting discussion of the 
volume effect has been presented by P. J. Flory, J. Chem. Phys. 
17, 303 (1949). But the point that the volume effect becomes 
zero when A: is zero does not appear in his discussion, appar- 
ently because of the particular statistical method he used. 
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Fic. 1. Relations between the reference segment (circle), the center 
of mass (c.m.), and an arbitrary segment i of a chain molecule. 


the z’th segment is r;. In particular, let the vector from 
the reference segment fo the center of mass be Z, so 
that 

r;=x;—Z. (1) 


These relations are indicated in Fig. 1. 

We may now establish a useful lemma. The definition 
of the r; as vectors to the center of mass requires that 
their sum be zero: 


~r:=0, (2a) 

or alternatively this may be written, 
Z=(1/N)Xx: (2b) 
Z= (1/N?)D > jxi°x;, (2c) 


if N is the total number of segments in the molecule. 
Now from Eqs. (1) and (2a) the following relations 
succeed : 


(1/N)Dor?=(1/N) > (i+-Z)-1: 
= (1/N)Dx:: (x:—Z). 


Combination with Eqs. (2b) and (2c) produces the 
desired lemma: 


(1/N)or?=(1/N)ox?—(1/N*) 2 id0 5x x;. (3a) 


Again, since x;-x;= (x,;?—?—.x;*)/2, where x;;=x:—X;, 
it can be shown that 


(1/N)Sor?=(1/2N) 20d sxi?, 


an alternative form of the lemma. 


(3b) 
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If the chain is flexible, it may assume many configura- 
tions. Without considering further, for the moment, the 
nature of these, we shall assume that it is possible to 
average functions of the several defined vectors over the 
configurations, indicating the process by angular brac- 
kets with a subscript Av. In particular, 


(A : Xi) av = (A . Ti)av = (A . Z) nv = 0, 


where A is any constant vector (assumption of iso- 
tropy). Also we shall assume that the chain is so flexible 
that the average of the scalar product of two chain 
vectors which end in the same segment vanishes, 


((xi—Xx;) + (Kj—Xx) w= 0, (4a) 


provided that j lies on a chain connecting 7 and k, and 
provided that there are no other chains connecting i and 
k. As corollaries we obtain: 


(Xi* (Xi—X;) w= 0, (4b) 
(Xi*Xj) w= (X27) avs (4c) 


if segment 7 lies on the chain connecting segment j and 
the reference segment, and 


(x; ? X5) av =0, (4d) 
if the reference segment lies on the chain connecting i 
and j. 
We may now define R’, the mean square radius of the 
molecule, as 


R= (1/N)> Xr?)w. (5) 
Likewise a quantity X? may be defined as 
X?= (1/N)>: (x2) mv. (6) 


Now returning to Eqs. (3a) and (3b), it is seen their 
averages may be written in terms of R? and X”: 


R=X°(2\ (7 
R= (1/2N?) Ati?) we (7) 


In the first equation the mean square radius, R’, is 
expressed as the mean square distance, X’, of the rest 
of the chain from a reference segment, less the mean 
square distance, (Z*)«,, of that segment from the center 
of mass. This form is particularly useful for branched 
molecules, where one of the branch units may be taken 
as the reference segment. 

The latter Eq. (7b) is more useful in treating rings, 
in which (Z?)w is not as simply evaluated. 

We may further observe that if the reference segment 
is a branch unit, from which grow several branches 0 
M, segments each (where » is the distinguishing index 
of the branch), (Z”), and X* may be given as sums of 
parts, X,? and (Z”),,, one from each branch: 


?=(1/N)).M,X,’, (8a) 
(2?) wv = (1/N?)>" yM ,{Z,7)w. (8b) 
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The latter relation follows particularly from Eq. (2c) 
combined with Eq. (4d). 

Finally, if the chains are reasonably flexible, the 
usual proportionality will hold between (x7) and nj, 
the number of segments between the reference segment 
and the 7’th segment: 


(207) y= Bn. (9) 


The quantity 5 is determined by the detailed struc- 
ture of the chain, especially the length and flexibility 
of its bonds.° 


Ill. CALCULATIONS FOR BRANCHED MOLECULES 
CONTAINING NO RINGS 


III.1. Linear Chains 


We first consider the®® case of linear chains, i.e., 
those with no branch units. This problem has been 
studied before but it is included here as an introduction 
to the more complicated cases. 

Let the reference segment be one of the end segments 
of the chain. Using Eqs. (6) and (9), we obtain 


N 
X?= (0°/N >> iNi, 
1 


where 2;=7. Recognizing that 


N 
> t= N(N+1)/2, 
1 
the result is 
X*=5°N /2. (10) 


Terms of order unity have been dropped. 
Now using successively Eqs. (2c), (4c), and (9), we 
obtain 


N 
(2?) = (2b?/N2)> (N —n,)ni, 
I 


where n;=7, Again recognizing that 


N 


LV ?=N(N+1)(2N+1)/6, 


1 


and dropping terms of order unity, the result is: 


(2?) w=BN/3. (11) 
Combination of these results according to Eq. (7a) 

Yields R?; 
(12) 


It may be noted that R? is just one-sixth of the mean 
square end-to-end length of the chain, b?V. 


ee 

*See Wm. J. Taylor, J. Chem. Phys. 15, 412 (1947); 16, 257 
948). References to previous work are given in these papers. 

ae Debye, J. Chem. Phys. 14, 636 (1946). 

“A closely related study has been made by H. A. Kramers, J. 
Chem. Phys. 14, 415 (1946). 


2=5°N/6. 


(1 


DIMENSIONS OF POLYMERS 


III.2. Chains of One Branch Unit 


We will let the functionality of the branch unit, i.e., 
the number of branches that grow from it, be f. The 
number of segments in the v’th chain growing from it 
will be V,, with v an index running from one to f, and 


f 
pe ylV p= N. 
1 


By Eqs. (10) and (8a), the value of X? is 
X?= (67/2N)>_,N;?. (13) 
Likewise, by Eqs. (11) and (8b), the value of (Z”),, is 


(Z*) m= (6?/3N?)>_,N,?. (14) 
Finally by Eq. (7a), R? is found: 
?= (b°/N) DL (N,7/2)—(N,*/3N) J. (15) 


For convenience, we symbolize by g the ratio of R? 
of the branched molecule to that for a linear molecule, 
BN /6. Thus: 


g= LL (3N,?/N*) —(2N,*/N*) J. (15a) 


III.3. Chains of Two Branch Units 


Before attacking the main problem, it is necessary to 
find X? and Z? for a chain of one branch unit, when the 
unattached terminal segment of one of the chains is 
chosen as the reference segment. 

Let the molecule be described otherwise as above, 
but with the reference segment at the outer end of 
chain one, of length 1; assign the segments of chain 
one numbers in increasing order from the reference 
segment toward the branch unit, and assign those of 
the other chains numbers, 7, in order outward from the 
branch unit. Let M be the total number of segments. 
Then by Eq. (9), 


(ci2)w=B2(Ni+i,) (v1) 
= Pi, (v=1). 
1 f Nv 
X?= _— p > il Xis Yay 
M 1 1 


Bers NZ f 
-{x,—+m.w)} (16) 
M 2 2 


1 


Since R? has already been shown to be given by Eq. 
(15), (Z*)4,= X?— R? can be found: 


Rrs NF f 
(2?) w= ly, ay Ne | F (17) 


1 f 


It is now possible to proceed to the case of two branch 
units. Here we will designate the two branch units by 
























a and 8, and their functionalities by f, and fs. The 
indices of the linear branches growing from a will be 
vg, and those from b, vy»; the index of the chain connect- 
ing the two units will be ad. 

Let us consider branch unit a as the reference seg- 
ment. There will be f.—1 linear branches, whose X? 
and (Z*)4 are given by Eqs. (10) and (11), and one 
ramified branch, which includes unit 6, and whose X? 
and (Z*),, are given by Eqs. (16) and (17). These may 
all be combined by Eqs. (8a) and (8b), yielding the 
following: 


6R? N/? N,? 
p= = Ean coin — ) 
BN _ 


lot LN, 
+6(1-" ‘ “Vv : “ya bw voV | 


N; N; 
= cb all ssi 
2 3N 

















fa—1 fbh-1 


$6 (FN Ents) | (18) 


IlI.4. Chains of Three Branch Units 


In any molecule of three branch units and containing 
no rings, one of the three units must be unique in that 
it is connected to both the other two. We will designate 
this unit as unit a, the others as 6 and c. The chains 
connecting @ with b and ¢ will be designated ab and ac; 
the remaining symbols will be obvious extensions of the 
preceding ones. 

If the reference segment is taken as branch unit a, 
the present case differs from the preceding one only 
in that there are two ramified branches and f,— 
linear branches on the reference segment. 

As a result, the ratio, g, is immediately found to be 


6R? N? N;? 
p= = an ann ( )-(—)| 
b?N 2 3N 


Nat> vblV vd 
Nal 1 _ ee) > vbV yp) 


lact > ve ve 
+Nu(1- Jor. | 


tend) 


Nab fa—2 fe—1 fb-1 


y & Nt 2 Not Nao) Xe Nw) 














Pe a— b—1 
fs N net N not Nav) ( - N } (19) 
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This kind of process could be extended stepwise to 
more and more complicated molecules. It does not seem 
desirable to carry it further here, since the general 
formulas become excessively unwieldy. Specific cases 
of four and five branch units will be treated below. 

However, before proceeding we should recognize that 
pure samples of molecules all with the same definite 
chain lengths seldom occur in practice. To apply these 
formulas to actual materials, therefore, it is required 
that averages be made over the varying chain lengths, 
We are thus led to consider the following topic. 


III.5. Materials With Branch Units 
Distributed at Random 


Any real polymeric material will have a characteristic 
distribution of chain lengths, number of branch units 
per molecule, distribution of branch units in the mole- 
cule, and so on, which will usually depend on the 
chemical process that creates the material. For many 
materials these distributions are still a matter of sur- 
mise, although in some special cases they have been 
studied.”* It would be premature in any case to calcu- 
late the average R? of materials of all the possibly im- 
portant distributions. Therefore we study only an 
idealized example, which may, however, not be so 
different from actuality as to be useless. 

For the beginning it will be assumed that the material 
is of uniform molecular weight, with a given number, f, 
of branch units per molecule, but that all possible ar- 
rangements of chains of varying lengths occur with 
equal frequency. More specifically, if it is assumed that 
each chain of the molecule is labeled, and the ‘‘arrange- 
ment” of the molecule is defined by the number of 
segments in each chain, all arrangements with the 
correct total number of segments are considered to be 
equally probable. 

The process of averaging the expressions for R’ over 
the different arrangements then consists of summing 
the values of R? of all the possible arrangements and 
dividing by the total number of arrangements. When 
integration is substituted for summation, the general 
formula for the average of R? becomes: 


N—222—Iny 


N N—nQ—1 
f dros f dng_2° * f R’dn, 
0 0 0 


(Rw = — a 


N N—Ze2—1n, 
f dng_1°* f dn, 
0 0 


Q is the total number of chains in the molecule. 





(20) 


7 Pp. J. Flory, Chem. Rev. 39, 137 (1946) ; for experiments relat- 
ing to the problem of this paper, see J. R. Schaefgen and P. J. 
Flory, J. Am. Chem. Soc. 70, 2709 (1948). 

8 W. H. Stockmayer, J. Chem. Phys. 11, 45 (1943). 
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molecules of NV segments in © chains, 








x!(Q—1)! 

CN a ————N* (21a) 
(Q+x«-—1)! 

re aly(Q—1)! . 
(N ww N Y= Ntu (21b) 
(Q+2+y—1)! 
xly!g((Q—1)! 
(N\?7N YN) w= Netwte,  (21c) 


(Q+2+y+2—1)! 


For molecules of one branch unit of functionality f, 
use of these equations on the previous result, Eq. (15), 
gives : 

6(R?) aw of 


BN (f+1)(f+2)_ 





(22) 


Likewise, if we consider molecules containing two 
branch units, each of functionality f, the result from 
Eq. (18) is 

O(R?)w = 3(5f?—6f+2) 


EN f4f—I) 


BN 
If there are three branch units the result from Eq. 
(19) is 


(23) 





OCR?) 2(13f?—20/+8) 
BN fOP—9f+2) 





g (24) 


As a partial check on the work, we observe that all 
three formulas reduce to the value unity for the linear 
molecule when f=1 or 2. 


III.6. Molecules with Four and Five 
Tri-Functional Branch Units 


The preceding may be extended without much 
trouble to molecules containing four or five branch 
units. Considering that the results will be of interest 
principally when the units are tri-functional, the dis- 
cussion will be restricted to these with some gain in 
simplicity. 

It is first necessary to find X? and (Z*),, for a form 
with two branch units, when one terminal segment is 
considered as the reference segment. Let the form be 
represented as in Fig. 2a, with the individual chains 
indexed as shown. Then the individual (x;,”), where i 
is the index of a segment and » is the index of the chain, 
will be given by the following: 


(iv?) y= b?(Ni+N3+7,) . = 4, 3, 
=b(N;+i,); v=2, 3, 
=bi;; v=1. (25) 


5 Nv 


Then X?, which is equal to >, Yi» (x.2)a/M where M is 
1 1 
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By elementary integrations it is found that for 
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the total number of segments, will be given by the 
expression : 


5? 


N; 
(w= —| Fan chains ——t+ Vi(N2+-N3) 
M 2 
+ (Webw)(veNo | (26) 


Since R? is already known, Eq. (18), (Z*)w is soon 
found from (Z?)y= X?— R’; 


b v3 
(2?) ay = —| Ean chains + MNi(M— Ni) 


4 


+MN3(Nat+No5)—N3(NitNe2)(Nit v7) * (27) 


From consideration of the averages given by Eqs. 
(21a, 21b, 21c), and by means of Eqs. (7a), (26), and 
(27), it may be seen that in any molecule of 2 chains 
each doubly ramified (d.r.) branch will contribute 





62—26—(Q—5/2—3) 
va | (28) 


2(Q+1)(Q+2) 


to (R*),,, over and above what its five chains contribute 
individually, Eq. (30). 

Likewise, each singly ramified (s.r.) branch will con- 
tribute 





22-6 
va | (29) 
Q(Q+1)(Q+3) 


by virtue of Eqs. (21) applied to Eqs. (16) and (17). 
In addition every chain wherever located in the 
molecule contributes the quantity: 


b2N/(Q+1)(2+2). 


Linear branches contribute nothing further. 

It now follows that (R*),, can be found by adding the 
above contributions for any molecule that can be 
analyzed into one branch unit bearing linear, singly 
ramified, or doubly ramified branches, if all the branch 
units are trifunctional. All molecules of four and five 
trifunctional branch units may be analyzed in this way. 

Two types of molecules containing four branch units 
exist, a “normal” form and an “‘iso” form, as illustrated 
in Figs. 2b and 2c. The “normal” form may be thought 
of as a branch unit bearing one d.r., one s.r., and one 
linear branch. There are nine chains (Q=9). Adding 
Eqs. (28), (29), and nine times Eq. (30) yields (g),,: 


6(R?) ay 361 
g = = . 
BN 495 


(30) 








(31) 


The second kind of molecule of four branch units, 
the “‘iso”-form, consists of a branch unit bearing three 
s.r. branches. Again Q is nine. Adding three times Eq. 

























































(29) and nine times Eq. (30), we find, 


6(R®)y 117 


s™ soit at 
BN 165 








(32) 







somewhat smaller than for the “normal” form. 

The ratio of abundance of the normal- and iso-forms 
of the molecule of four branch units in any material 
will depend on the nature of the polymerization reac- 
tions. If all molecules of four branch units are formed 
by the irreversible addition of single branch units to 
chain-ends of molecules of three units, the normal form 
should be just four times as abundant as the iso-form. 
If the reaction is reversible, or if molecules of four 
branch units can also form by combination of two 
molecules of two units each, a somewhat different ratio 
of isomers’* obtains. This latter case is discussed fully 
in the next section. A chain transfer reaction acting on 
the middle of the chains of a previously formed three- 
unit molecule would also favor the normal form, though 
by a still different ratio. 

In molecules with five trifunctional branch units, 
there also exist two structural isomers, as illustrated 
in Figs. 2d and 2e. Again, the proportions of these 
isomers will depend on the polymerization mechanism. 
The “normal” form of the five-unit molecule may be 
analyzed as a branch unit bearing two d.r. branches and 
a linear branch. The number of chains, &, is 11; g may 
be found as described above. 



































(33) 




































Fic. 2. Types of branched molecules: A, doubly ramified (d.r.) 
branch; B, “‘iso’’-form and C, “normal” form of molecule of four 
branch units; D, “iso’’-form and E£, “normal” form of molecule 
of five branch units. Reference segment circled in each case. 
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The ‘“‘iso”-form of the five-unit molecule contains 
two s.r. branches and a d.r. branch, with Q9= 11: 


g= 7166/1144. (34) 


III.7. Highly Branched Molecules: 
Heterogeneous Systems 


For treating still more highly branched molecules 
and heterogeneous polymeric mixtures, the method of 
the preceding sections becomes unwieldy. An alterna- 
tive approach, based on a theorem of Kramers," js 
more powerful in dealing with such cases, some of which 
are considered below. 

The Kramers theorem may be stated as follows: 
Consider a polymeric molecule containing any number 
of branches but no rings, and consisting in all of 
segments. Imagine cutting the molecule at one segment 
into two fragments of V; and V2o(=N—.V;) segments 
respectively. Then the mean square radius of the mole- 
cule is given by 

R?/b?=(NiNo2)w/N (35 


where the average in the second member is taken over 
all possibilities of cutting.* In other words, the contri- 
bution of any segment to >°(r.)~ is given by the 
quantity b?N,N2/(NitN2) for that segment. For 
heterogeneous systems, the average is taken over all 
segments, yielding weight- or 2-average values of R°.™ 
In general, we have 


(8) = (R?)w/(R?)w° = 6(N1N 2/N)w/(N)w (36a 
and 
(g)2 = (R?)2/(R?).° = 6(N iN 2)w/(N?)w. (36b 





*The derivation of this theorem is briefly as follows: 
For any molecule, 2r;2 may be expressed as a quadratic form 
BPD; Zkdjx(Gj-Ox), where G; is a unit vector along the jth bond and 
the d;, are numerical coefficients. Closely related is the relative 
kinetic energy with respect to the center of mass, given by 
mrr2/2=mb*z ;ZAjx(Gj-Gx)/2 where m is the mass per chain 
atom. Consider now a special instantaneous phase of the molecular 
motion such that the relative kinetic energy happens to be simply 
(mb*/2)d;;(¢;)?; this would be the case if only the jth link were 
rotating, all others performing translations only. But then the 
relative kinetic energy is equal to that of a rotating diatomic 
molecule with masses mN,; and mN» connected by a rod of fixed 
length b, and this equality gives \;;=NiN2/N. Now if the mole- 
cule contains no rings, (0j-@;)ay= 5x for flexible chains, and hence 
R*/b? = jAj;/N =(NiNe)y/N. Kramers used similar arguments to 
determine dj, which is needed for the treatment of rings (see 
Section V) by this method. win Mas 

8 This usage implies an extension of the common definition 0! 
weight average. If vy is the number of molecules of N segments 10 
the system, and y is a quantity whose average is to be taken, then 
the weight average of y is defined as 

(yo = LowNy/Z vyN. 
However, since SvyN is the total number of segments in the 
system, (y)» may also be written 

(yo = Dall segments y/Z vvN, 

provided that y may be considered as a property of the individua’ 
segments. Likewise, the “z-average,” (y)2, may be written 

(y)e= Ley N*y/ZynN?, 
or alternatively 
(y)2= Lal segments Ny/ZwnN?. 
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Where the subscripts w denote weight averages (i.e., 
over all segments), and the subscripts z denote z-aver- 
ages. The second of these quantities is pertinent for 
values of (R*), derived from measurements of light 
scattering. However, this implies that the z-average 
molecular weight of the sample is known independently, 
and such is rarely the case. Probably a more common 
situation would restrict the measurements to (R?), and 
(V)w for a given polymer sample. In this case, the 
quantity obtainable from the experiments would be 


6(R?)./BXN )w=(g)(N*)w/{N)u?=(g)(N)2/(N)w. (36c) 


Of course, if fractions of a single molecular weight are 
involved, the distinction between these various g’s 
becomes unimportant. 

In this section, Eqs. (36) will be applied to randomly 
branched polymers containing branch units of any 
single functionality f, with the aid of distribution 
theory previously given.”* By specializing to the case 
of uniform molecular weight and a uniform number of 
branches per molecule, we obtain an expression reducing 
to Eqs. (22)-(24) for molecules of one, two, and three 
branch units, and corresponding to special proportions 
of the structural isomers for more highly branched 
species. 

To calculate (ViN2/N)w, we require the probability 
that a randomly chosen segment is connected to NV, 
segments at one end and to NV, at the other. But since 
this probability depends on the frequency of branching, 
we must first find the chance P; that one end of the 
segment is connected to a network of 7 branch units. 
For random distribution of branches and chain iengths, 
it is found in Appendix B that 


(fi—i)! 
i'(fi—2i+1)! 





P;= (1— a) B" (37) 


where a@ is branching probability’ and 
B=a(1—a)—. 
Now this network of 7 branch units consists of 


2=fi—i+1 chains. If it contains V; segments, these 


Flory’s 


can be distributed among the chains in e ‘) ways. 


Pisses 
For long chains, ON; and approximately pe. 


=N /**/(fi—i)!. Also, for chains randomly distributed 
in length, the chance that the vth chain has x, segments 
is (1—g)q*—, where q is the probability of continuation 
of the chain. Hence, the chance that one end of a chosen 
segment is connected to a network of Ni(=}¢2,) 
segments carrying 7 branch units is 


7 Si-s 
‘(fi-i)! 


Then the chance that simultaneously the other end of 
the chosen segment is connected to a network of V2 





P q™'L(1—9)/q i. 
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segments and 7 branch units is 
Q(M,, Ne, 1, j) 
N fi-iN of ight (1 —g)/g Pits i342 
(fi—1) '(fj—j)! 


On substituting for P; and P; from Eq. (37), this be- 
comes 


Q(N,, N2, 1, D _ (i— a)? 
Bit iN J i-iny Jf i- igh it Naf ( i— q) /q Vit! j-i—74+2 
x ee gia -—_r — (39) 
i!j\(fi—2i+1) \(fj—2j+1)! 





=P;P, (38) 





This equation gives the required distribution over 
which the quantities NiN2/(Ni+Ne2) and N=N\+N, 
must be averaged. For unfractionated systems, the 
sums run over all positive values of i, 7, NV; and N2. 
For fractions of a given molecular weight N and a 
given number of branches m, the sums must be restricted 
to such values that i+j=mn-and Ni+N2=N. This 
latter case is considered first, in order to compare with 
the earlier results. For such fractions, 








n X (Ni(N-M)) 
p i , |— Jou. N-—M,, $, n—1) 
6 i=0 Ni=0 if 
g(nj=— 
N n N 


) » Q(M,, N—WN,, t, n—4) 


i=0 N1=0 


n j n—t 
eerie © ~1)i 
Pare sl lad 7 ee 





| (40) 


details of summation being given in Appendix B. The 
sum in the last member appears irreducible. Specializa- 
tion to n=1, 2, and 3 yields Eqs. (22)—(24). For higher 
values of m, as earlier stated, gy corresponds to the spe- 
cial proportions of structural isomers subsisting in 
random polymers. 

In Appendix B it is shown that at large values of 
an asymptotic relation may be found for g;(), of the 
form: 


T ) 2(6—f) 
2(f—1)(f—2)n (f—1)(f—2)n 








gn) =3( (40a) 


For f equal to three and four the following modifica- 
tions represent g,;(m) within the stated limits for n 
greater than five: 


(error<3 percent) (40b) 
(40c) 


g3(n) = 3(m/n)*—5/2n 
gs(n)=}3(3x/n)'—2/3n (error<5 percent) 


We may note that, at large values of n, g;(m) tends 
to decrease as the reciprocal of the square root of . 
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TABLE I. Mean square radii of branched molecules. 








& =6(R?)ay/02N 





Number of Functionality of Fixed equal Random distribution 
branch units branch units chain lengths of chain lengths 

0 (1 or 2) 1 1 

1 3 0.778 0.900 

4 0.625 0.800 

8 0.344 0.533 

2 3 0.712 0.829 

4 0.525 0.690 

3 3 0.668 0.774 

4 0.496 0.618 

4 3n* 0.729 

3t 0.709 

3e 0.728 

4e 0.567 

5 3n 0.698 

3i 0.672 

3e 0.693 

4e 0.525 

6 3e 0.663 

4e 0.493 

7 3e 0.637 

15 3e 0.504 

4e 0.345 

50 3e 0 318 








* m =“normal"’ form 
4 =“‘iso’’-form 
¢ =equilibrium mixture, Eq. (40). 


For unfractionated polymers, we obtain, by similar 
methods 


oo rr) NN: 
6y me he —0(", N2, i, j) 


i=0 j7=0 Ni=0 No=0 Nit Ne 





(£1)0= 


o @ ee) @ 


~LD>DY DY (N+ N2)Q(Mi, N2, 3, 7) 


i=0 j=0 Ni=0 No=0 
(41) 
_3(1-a)"[1—(/— 1a]G (a) 


(f—1)B3/—» : 





where 
gt) /U-Ddz 


G;(a)= . 
- J [1—(f—1)e 1-2 Pe 





For arbitrary functionality, this result is intractable, 
but for the cases of major interest (f= 3 or 4) the integra- 
tions are elementary. For these cases, Eq. (41) becomes 


ns 2 bal 


(Bs)o= a Lo 
(1—a)!+(a)! 
Saree ge (2) 
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and 
(g4)w=[(1—3a)/2a] In(i—a/1—3a), 


These results are more conveniently expressed in terms 
of n», the weight-average number of branch units per 
molecule. With the relation® a=n/[2+(f—1)nw], they 
become 


6f1/2+n.\? (2+ nw)*+ (nw)? 
won fi) of Sem) 
ML2\ Nw (2+-nw)!— (tw)? 


and 


(43) 








(g4)o= (1/nw) In(1+-mw), (45 


the last equation being particularly simple in form. 
These formulas are restricted in application to proper- 
ties which depend directly on (R®)», such as intrinsic 
viscosity in the absence of the shielding effect (see 
Sect. IV.3.). 
In other cases we may be interested in (g;)., the 2-aver- 
age value of g. Here we find 


ee) ioe] @ oe 


OL L NWG,3,N1, N2) 


i=0 7=0 Ni=0 No=0 





(gi)e = 


iv a] 


wl (Nit+-N2)*Q(j, 4, Ni, N») 


0 No=0 


Ms 
Mes 
Ms 


0 Ni 


I 
ll 
ll 


i=0 7 


7 1—(f—l)a 7 
1+[(f—1)(f—5)/3]Je 


In terms of 1», this gives 





1 
1+ (f—1)(f—2)1./6 
(g3)e= 1/(1+-mw/3) 
(ga)e= 1/(1+-Mw). 
Also, we may note the equation, 


(gr)XN)e/(N)w - 2 (1 = a)’. 


IV. FINAL RESULTS FOR BRANCHED MOLECULES 





(g/)e= 


(41b 


In Table I are collected numerical results for sever! 
types of molecules, expressed in terms of the rati 
g=(R?)x/(R)m°. As would be expected, the value of § 
decreases regularly as the number of branch unit 
increases. Fortunately, the various structural isomer 
(for molecules with four or more branch units) have 
almost the same radii, so that even extreme assump 
tions concerning the proportions of these isomers woul 
scarcely. affect the results. 

It is noteworthy that as many as five branch unit 
introduced at random decrease (R?)4 by only thirty 
percent, an effect which would also be achieved by 
reducing the weight of a linear molecule by the sam 
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amount. One might infer that branching would have 
to be very extensive before such properties of the ma- 
terial as tensile strength would be significantly affected. 


IV.1. Variation of R* in a Series of 
Homologous Fractions 


A situation of interest arises when a material of 
heterogeneous molecular weight containing a propor- 
tion of randomly distributed branch units is fraction- 
ated. Let us suppose that the fractionation divides the 
material into a series of samples, each of a different but 
homogeneous molecular weight, but that the branch 
units are still randomly distributed. 

The distribution of trifunctional branch units is 
known for fractions derived from polymers of the type 
considered in Section III.7. If the chains are long, the 
fraction w, of molecules in the sample carrying n 
trifunctional branch units is given by 


1 (y/2)?9*2 
Oe" Taly) nn $-2)! 


y=2NB/(1—9). 


In this equation, the symbols J, 8, and q are those em- 
ployed previously, and J;.(y)=7*J;.(zy), a familiar type 
of Bessel function. The average number, m, of branch 
units per molecule is found to be 


m=) nw,= yI3(y)/2T2(y). (47) 


In the range of interest (m<5), m varies more rapidly 
than NV, but less rapidly than N*. To find (g3) for frac- 
tions obeying Eq. (46), the sum }°g;()w,» is required, 
where g3(m) is given by Eq. (40). Finding no closed sum 
formula, we have made numerical calculations in the 
range of interest. The results, among others, are in- 
cluded in Table II. 

For highly branched samples (y and m large), m be- 
comes asymptotically proportional to NV, and the dis- 
tribution function w, resembles the simple Poisson 
formula m”e~”/n! In order to investigate the depend- 
ence of (gs) on the detailed form of wn, calculations 
were also made on the assumption that the Poisson 
distribution obtains for all values of m. It is gratifying 
that at m=1 the Poisson distribution yields a value of 
(gs) only 0.001 higher than that based on Eq. (46); 
and for m>2 the agreement is exact in the third place. 
Thus, the values of (g3)s for fractions are not highly 
sensitive to the form of the distribution of branch 
units. Moreover, these values are only slightly different 
from those of g3(v) calculated from Eq. (40) with 
=m, as is seen by comparison of Tables I and II. 
The latter circumstance is of course due to the approxi- 
mate symmetry of w, about its maximum. Similar 
results are found for the case of tetrafunctional branch 
units, with the use of the Poisson distribution. 

In Table II, the calculations for fractions are sum- 
marized, values of (g3)a and (g4)w being shown in the 





(46) 


with 
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TABLE ITI. Mean square radius as function of average frequency of 


branch units with random branching. 








Average number, 


m, of branch 





units per logiom(g) ay 
molecule logiom (g)av m{g)ay =log(R*)ay+const. 
A. Trifunctional branch units 
0.250 — 0.602 0.976 0.244 — 0.612 
0.500 —0.301 0.953 0.477 —0.322 
1.000 0.000 0.912 0.912 — 0.040 
2.000 0.301 0.840 1.680 +0.225 
3.000 0.477 0.784 2.352 0.371 
4.00 0.602 0.73 2.92 0.465 
5.00 0.699 0.69 3.45 0.538 
10.00 1.000 0.58 5.8 0.764 
15.00 1.176 0.50 F 0.875 
50.00 1.699 0.32 16.0 1.204 
B. Tetrafunctional branch units 
0.125 — 0.903 0.976 0.122 —0.913 
0.250 — 0.602 0.953 0.238 — 0.623 
0.500 —0.301 0.910 0.455 — 0.342 
1.000 0.000 0.835 0.835 —0.078 
2.00 0.301 0.70 1.40 +0.146 
3.00 0.477 0.62 1.86 0.270 
6.00 0.778 0.49 2.94 0.468 
15.00 1.176 0.35 5.25 0.720 








third column. For convenience in plotting, the degree 
of polymerization is expressed in units of V’= N/m, the 
average number of segments in a sample whose mole- 
cules contain just one branch unit on the average. 
Thus, the fourth column gives m(g)w=6(R®)x/b?N’, a 
convenient magnitude proportional to (R*),. Log-log 
and semi-log plots of the resulting curves are shown in 
Figs. 3 and 4. In the former, the straight line of unit 
slope, to which all curves approach as m becomes small, 
is the plot for strictly linear molecules. 

It has also been found that these results may be 
represented, with a maximum error of less than two 
percent, by the relations 


(g3(m))w=([(1-+-m/7)'+-4m/9 4 
(ga(m)) w= [(1-+-m/6)!+4m/3e $3. 


These formulas have the correct asymptotic behavior 
at large m, in accordance with Eqs. (40b) and (40c). 


(47a) 
(47b) 


IV.2. A Method of Detecting Branching 


The curves of Figs. 3 and 4 suggest an experimental 
method of detecting the presence of branching in a 
material. The material could be fractionated, on the 
basis of molecular weight, into a series of samples, and 
the relative degree of polymerization and mean square 
radius, (R®)y, of each fraction measured by light 
scattering. Fitting of the logarithms of these numbers to 
the curves of Figs. 3 and 4 would reveal the presence or 
absence of branching and allow an estimate of its 
frequency. 

It is interesting to note that, when branching occurs, 
(R*),, increases linearly with NV at small values of V 
but only as NV? at large values. 
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Fic. 3. Mean square radius as function of relative degree of 
polymerization: A, lincar chains; B, rings; C, ring closure incom- 
plete; D, trifunctional branch units distributed at random; £, 
tetrafunctional branch units distributed at random. 


Since it has been observed? that branching alters the 
solubility of polymers, it is unlikely that an experi- 
mental fractionation will be governed only by molecular 
weight. Nevertheless, it has been seen that the calcu- 
lated values of (R?), given in Table II are quite insensi- 
tive to the fine details of the distribution of branch 
units. Consequently, the proposed method may be con- 
sidered at least semi-quantitatively useful. The most 
serious difficulty is due to the ‘volume effect’’ discussed 
in the introduction. It should also be remarked that 
measurements of high precision are required. 


IV.3. Applications to Intrinsic Viscosity 


The intrinsic viscosity, [7], unlike angular dissym- 
metry of light-scattering, in general does not permit the 
direct evaluation of (R),,, because of the “shielding” 
effect.!°" Thus, although [7] is proportional to (R?)s 
for the extreme case of no shielding,° ** corresponding to 
low molecular weights and to Standinger’s rule, it be- 
comes proportional to (R*),, for complete shielding at 
very high molecular weights. However, it is a simple 
matter to compare a branched polymer fraction with a 
chemically similar unbranched fraction of the same 
molecular weight, using the Debye-Bueche formulas. 
Denoting the unbranched sample by a subscript zero, 


we find 
Ln V/Lnjo=g'o(0)/o(o0)=8?, (48) 
where ¢(c) is the shielding function and ¢ is the ex- 


®W. O. Baker, J. Am. Chem. Soc. 69, 1125 (1947). 

10 P. Debye and A. M. Bueche, J. Chem. Phys. 16, 573 (1948). 
( J. G. Kirkwood and J. Riseman, J. Chem. Phys. 16, 565 
1948). 
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ponent in the semi-empirical law [7 ]=KN*@ for the 
linear polymers. For a series of the branched polymer 
fractions, the viscosity exponent is predicted to be 


€=e€o+ (2 —_ €o)d Ing/d InN. (49) 


Since dlng/dInN is always negative, according to 
Table II and Fig. 4, branching is seen to lower the 
value of the exponent. 

Returning to Eq. (48), we note that branching is 
predicted to decrease the intrinsic viscosity according 
to the factor g*-®; that is, shielding amplifies the effect 
of branching. However, the experiments of Schaefgen 
and Flory’ and of Weil” show considerably smaller 
decreases (roughly by half) than those calculated from 
Eq. (48), even if €9 is taken as unity. The indication is 
therefore strong that the ‘‘volume effect”’ restricts g to 
larger values than those calculated herein, in the sys- 
tems thus far studied. Clearly it is still hazardous to 
draw inferences about branching from empirical vis- 
cosity-molecular weight relationships, and the method 
of Section IV.2, based on evaluations of (R?),, from 
light scattering, is much to be preferred. 


V. MOLECULES CONTAINING RINGS 


The average radius of chain molecules in which the 
chain closes on itself to form a continuous ring may also 
be treated by similar methods. Their consideration has 
been deferred to the last because such molecules are less 
familiar than those containing branch units. Presum- 
ably they are of rarer occurrence. 


V.1. (R?)x, of Ring Molecules 


A molecule consisting of N segments in a simple ring, 
with no branches, will now be studied. For such a 
molecule it is necessary to find a new expression for 
(xi7?)av. 

Let W,(xi;) be the function that gives the probability 
density of x;; for a ring molecule. Two chains emanate 
in opposite directions from any segment, 7. These two 
chains will be designated a and b. The density of prob- 
ability that chain a will arrive at x;; after 7. segments 
will be W.(xi;); likewise there will be a function 
W,(x:;) for chain 6. The density of the probability that 
both will arrive at x;; is the product of these two func- 
tions, but this is also W,(x;;), since when both a and } 
arrive at x;; a ring is formed. 

It is well known" that 


3x75; 
W.(xij;)=C exp( —- : ), 


bn, 


3x7; 
Wala) =C exp — : ), 


2b Nb 


21, L. Weil, Doctoral Dissertation (Columbia University, 
1945). 

18 W. Kuhn, Kolloid Zeits. 68, 2 (1934). E. Guth and H. Mark, 
Monatsh. 65, 63 (1934). 
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where C is a constant, so that 


3Nx 7 
), (50) 


Wi 


W,(xi3)=C’ exp( = 


since %.+,=N. Given the density function, (x;;7), is 
found by elementary operations: 


(xi? )w=B"(| j—4|)(W— | j—4])/N. (51) 


Here |j—i| and N—|j—i| have been substituted for 
n, and mp, respectively. 

From Eqs. (7b), (6), and (7a) R?, X?, and (Z*),, may 
be found in order. 


Di Kei) ~=FN 
2N? 12” 


DXi?) BN 
xX? ——— 
N 6 
b°N 
(Phyo I~ Ri — 
12 


R= (52a) 


(52b) 


(52c) 


The reference segment in Eqs. (52b) and (52c) may, 
of course, be any of the segments of the ring, since all 
are equivalent. 

The difference between the mean square radius of a 
ring and of a linear chain is striking; the former is just 
half the latter.** The mean square radius of a ring is 
almost as small as the average for molecules of the same 
weight containing ninefold branch units, Eq. (22). 

The small values of X? and (Z”),,, compared to those 
of the linear chain, Eqs. (10) and (11), show that rings 
also would contribute relatively little to the mean square 
radius of a branched molecule containing rings as well 
as linear chains. 


V.2. The Dependence of (R’),, of Samples Con- 
taining Ring Molecules on the Degree 
of Polymerization 


If the heterogeneous mixture of chain molecules pro- 
duced by a polymerization reaction be divided into 
fractions on the basis of the molecular weight, it would 
be expected that most of the ring molecules, if any are 
present, would occur in the fractions of smaller V. This 
statement is based on the premise that a short chain is 
more likely to close to a ring than a long one. 

In addition polymers, rings may be formed if both 
ends of a growing chain molecule can react with each 
other, e.g., if both are free radicals resulting simul- 
taneously from a diradical initiator. In condensation 
polymers, rings are readily formed by intra-molecular 
esterification, ester interchange, and similar reactions." 


** This result was obtained by Kramers (reference 6a). 

4 A complete treatment of ring formation in condensation poly- 
mers, based on the same physical ideas discussed here, has been 
given by H. Jacobson, Doctoral Dissertation, Columbia Univer- 
sity (1948), 
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Fic. 4. Ratio of mean square radius to mean square radius of 


linear molecule of same weight as function of relative degree of 
polymerization. For curve labels, see Fig. 3. 

















As a plausible, though perhaps over-simple, assumption 
it might be postulated that the @ priori probability of 
ring closure would be proportional to the probability 
of the two chain ends lying close to each other. This 
probability is proportional to L~*, where L? is the mean 
square end-to-end distance of the chain. If, as in poly- 
esters, rings and chains are in chemical equilibrium, 
the probability of ring closure is further reduced by a 
factor proportional to N-', since the ring may be re- 
opened at any one of the inter-monomer linkages.” If 
the reaction is unidirectional, as would probably be the 
case for combining diradical chains under ordinary 
polymerization conditions, this factor is omitted. On 
the other hand, the probabilities of chain growth and of 
intermolecular termination would be constant, inde- 
pendent of L. Also, we recall that L’=67N. 

From these considerations, jt follows for the case of 
irreversible ring formation that the fraction, p(NV), of 
molecules of V units in ring form, and the corresponding 
fraction, \(V), of N-unit molecules in linear form, are 
related thus: 


(53a) 


(53b) 


with A a constant. The fraction of rings, p(V), de- 
creases from nearly unity to nearly zero as N increases. 
For ring-chain equilibrium, the exponent of N in 
Eqs. (38) becomes 5/2, but the relations are otherwise 
unaffected. It might be added that in this case the 
constant A is inversely proportional to the concentra- 
tion, and can be explicitly formulated.” 
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TABLE III. Variation of 6(R?),,/b°N with degree of polymerization 
in samples in which ring closure may occur. 




















P m/1 +2mi 
pc pee ong Fraction of 1+2m! —6(R®)Ay log; ( i+mi ) 

tion, m rings, p(m) 2+2mi beN =log(R?)Ay +const. 

0.00 1.000 0.500 — 

0.10 0.969 0.515 — 1.288 

0.25 0.888 0.555 — 0.857 

0.50 0.739 0.631 —0.501 

1.00 0.500 0.750 —0.125 

2.00 0.261 0.869 +0.240 

4.00 0.111 0.944 0.577 
10.00 0.031 0.985 0.994 

ee 0.000 1.000 — 








The average of R? for the mixture of rings and 
chains can now be found by adding the properly 
weighted values of R? for each type of molecule: 


(R?)w= p(N)(BN/12)+X(N) (PN /6), 


BN (: ie ) 
642 4ten 7’ 


2N —-) 

12 ( 1+mi 
In the last equation a convenient new variable, m, has 
been introduced as a measure of molecular weight; it is 
the ratio of V to the number of segments per molecule 
in the sample of half rings and half chains. 

Calculations of (R’)y from Eq. (54) are given in 
Table III. When this formula is valid, the samples 
change from nearly pure rings to nearly pure chains in 
two decades of N, and altering the exponent of m from 
3/2 to 5/2 in Eq. (54) would make the change even 
sharper. 

Eq. (54) is plotted, on a semi-logarithmic scale, in 
Fig. 3 and on a double logarithmic scale in Fig. 4. 
Its rising sigmoid curve contrasts with the gentle down- 
ward curvature characteristic of branched molecules 


and the unit slope of the line for linear chains. Thus, 
while Eq. (54) may not be exactly correct, it is manifest 





(54) 
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that effects of rings and branches are quite different. 
Obviously, these curves offer in principle a means of 
detecting rings, as well as branches, from observable 
quantities. Estimates of the constant A in Eq. (53) 
indicate that the crucial range of molecular weights lies 
far below that required to give angular dissymmetry of 
light scattering, but intrinsic viscosities have been 
used to study ring-chain equilibria." 


APPENDIX A 


The Relation of the Mean Square Radius, R’, to 
Light Scattering 


A short derivation of the relation between R? and light scat- 
tering, which offers the principal means of measurement of R°, 
may not be out of place. 

The intensity of light, J(s), scattered by an isolated polymer 
molecule may be calculated as a function of angle of scattering 
by the following well-known formula: 

NN : ie 

I(s)=FD: 3; Cen 
: 3 0 ksxi; 
Xij7dxi; (Al) 

F is a simple function of the polarization of the incident light, 
k=2z/x, where 2d is the wave-length, s=2 sin(#/2), where # is 
the angle of scattering, and the other symbols are those used 
previously in this paper. 

If sin ksx;; is expanded in power series, and use is made of the 
normalization of W(x;;), and of the formula defining (x;;7)ay, ice. 


f W (x53) xi ;7dx5; = 1 ’ 


f xi7?W (xis) a 7dx:; - (xi7?)av, 
Eq. (A1) becomes: 


. ‘ 2\ h2 2 
I(s) =F3,3,[1- Se. ‘|. (A2 
However, Eq. (7b) may now be used and the summation over the 
unity be performed: 

I(s) = N?F[1— (R2k*s?/3) +0(k's*) J (A3) 
where 0(‘s*) represents terms of order four and higher in ks. 

R® may thus be found by obtaining the initial slope of /(s 
against s* with light of known wave-length. If many molecules of 
the same number of segments, N, are present at once, (R)ay will 
be the quantity measured. However, if molecules of different size 
are present, the average of R? measured will be a “‘z-average,” not 
a weight average (see reference 3). 








APPENDIX B 














We first deduce Eq. (37), giving the probability, P;, that one end of a chain is connected to a network of 7 branch units of function- 
ality f. For brevity, it is convenient to start from the probability, W,, that a chain is part of a molecule bearing  brauach units. If the 
chains are long, W, is given (reference 8, Eq. (41)) by 


W,=2(1-—a 





_ gn 
2 (fn—n-+1) !8 (BI 
n\(fn—2n+2)! 
with B= a(1—«a)/~*, where a is’ the probability that one end of a chosen chain ends in a branch unit. From the definitions of P; and W,, 
it is clear that 


n 


W,= na PP .4 (B2 
Now, we define a function | 
$(§) => P;é', (B3 
and recognize that 
[oe P= = > P,P it*ti= > &" > PiP i= > Wg". (B4 





i=0 j=0 n=0 i=0 n=0 











The | 


with 
Use 


Now, 
Expr 
On bi 


The o 
as Eq 
We 
In eat 
and tl 
Wr 


The 


The 
BE =y 


a resu 


Only t 


This 


Howey 





erent. 
ins of 
-vable 
. (53) 
ts lies 


try of 
been 


R’, to 
it scat- 
of R’, 


olymer 
ttering 


(Al) 


t light, 
re d is 
e used 


of the 


dav i.e. 


nction- 
Tf the 


(Bi 
id Wr; 


(B2 


(B4) 





DIMENSIONS OF POLYMERS 


The last member of Eq. (B4) presents a sum that can be evaluated from formulas previously given 


> , m—nt+l)! 
~ ” n\(fn—2n+2)! 2(1—2)” (BS) 





with 
BE=2(1—z)~. 


$(€) =(1—a)/(1—2z). (B6) 
Now, Eq. (B3) shows that P; is the coefficient of £ in the series defining ¢(£). Hence, by Cauchy s theorem, 


t)dt 
2(—m9r= h Hes. (B7) 
Expressing ¢(&) and dé by Eqs. (B5) and (B6), we have 


Use of this result gives 





df Maal 


2x(—1)§P;=(1—a)B | — pa (B8) 
On binomial expansion of the power of (1—z), this becomes 
.= (fi—2i+1 , 
2e(—1)'Pp= (1a) 3 (4-744 \g 2-1 — (f—1)z ds. (B9) 
v=0 v 
The only terms contributing to the sum are those for which y=7 and y= —i—1. Evaluating these, we obtain the expression for P; stated 


as Eq. (37) of the text. 

We must now perform the summations indicated in Eqs. (40) and (41), leading to the expressions there given for gs(m) and (gy),y. 
In each case, the procedure is to replace the summations over NV, and N2 by integrations, consistent with the assumption of long chains, 
and then to evaluate the sums over 7 and 7 by making use of Eq. (B5) and other sums already given.* 

Writing Ni= Nu, and using Eq. (39) for Q in Eq. (40), we obtain 








P;P; 1 
6 Zz —_———__— uft-t41(] — y)fi-iHdy 
ey(n) = Giza gia ( 
& ~ PP, 





Z Gmdigia pe Maia 
itj=n *JJ—-J)* 


6 2 P:P(fi-—i+1)(fj-—j+1)/(fn—n+3)! 
iad itj=n - B10 
2 P:P;/(fn—n+1)! siti 
it+j=n 

The sum in the denominator is seen to be that for W, in Eq. (B2). Thus, with the aid of Eqs. (B1) and (37), the equation becomes 
3(n!)/(fn—2n+2)! x (Fit-t+1)'G7-J+))! 
(fn—n+3)! — sajon 417 (fi—2i+1) (fj7—2j+1)! 
The remaining sum is transformed to its more convenient final form as follows. In Eq. (B5), define a new variable y by the relation 

b&=4/~, and differentiate Eq. (B5) with respect to y. Expressing the result in terms of z, one finds 


s (fn—n+1) (BE)" _ 1 











gs(n) = (B11) 





2 = . B12 
n=o M'(fn—2n+1)! (1—2)[1-(f—1)z] tes 
a result also useful later. Taking the square of this expression, we have 
SS (fi-—itl) !fj—j+1) (Be) 1 
s = Fi—t+1)IGG—F+1) (BE) TF (B13) 





imo jot !f(fi—2é+1) (FF—2j4+)! (1—2)*[1—(f—-1)s 
and it is clear that the sum of Eq. (B11) is just the coefficient, C, of (8£)” in this double sum. Hence, by Cauchy’s theorem, 


d(B&) dz 
™(—1) g (1—z)*[1—(f—1)z P(Bé)"** ) moma 


ae 5 (tae how n-ldz (B14) 
Vv 


v=0 U=0 








Only terms with 4=n—~» contribute, and thus, on returning to Eq. (B11), the result is obtained: 
3(n!)(fn—2n+2)! & peroneal 
(fn—n+3)! yao y 
This may be rearranged into Eq. (40), in which the magnitudes of the terms of the sum decrease in order. 
An asymptotic form, Eq. (40a), may be found for gy() at large m as follows. Eq. (40) may be written: 





gs(n) = (f-—1)"”’. (B15) 





= 
gr(n) =Gaiat3 = Tj, 
T=! 
2 nt fot i i <a 
Ti=(1+-) i (1-)(-_,) » J#0. (B16) 


However, if x; are a set of numbers less than unity, the following relation is approximately true: 


II (1—x;) =e I1 (1 —x,)e* 
=e" 2*[1—2(x;*/2)]. 
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Expression of 7; in this manner, with the neglect of some minor terms, leads to the form: 


«i ee [ (f—2)7?— Gos) 
T;+=1- - ° 
0 6(f—1)n8 *P 2(f—1)n 
But by the Euler-MacLaurin summation formula g;(m) may be represented, 


ut) * Ta = " (J 1 dit¥To): 


Substitution of (B18) into (B19) and the resolute suppression of all terms of order m~? or less leads to Eq. (40a). 
For the unfractionated systems, Eq. (41) can be written 





62 = [P:P;/(fi-—i) \(fi—j) I —g/qe-nerae {~ no-veroregvan f" sili aaaaicia 
nS , (B20) 


@ 


SD LPPi/(fi— 1) fj—§) WA —g/gy ero f™ no-wernegvan f* wii —u)lim-idu 


i=0 j=0 





by the same procedure used for Eq. (B10). Since long chains are assumed, (1—q)1, and Ing(q—1). To this approximation, the param- 
eter g cancels and Eq. (B20) simplifies to 


i=0 7=0 


EE PPL fi—i+ I) 7 J+ )/(fit- fi-i-J+-3)] 





(8s)w= (B21) 


> > P:Pi(fitfj—i—j+2) 


i=0 j=0 

On substituting for P;P;, the double sum in the numerator becomes 

5 ie fi-j+1)\ pti 

imo jno\ i j VM fit fj-i-—j+3)’ 
which is closely related to that of Eq. (B13). With a change of variable, 8§=v/—1, and after multiplication by v*, Eq. (B13) gives 
> > < + ss Norse ite =— li —« (B22) 
i j (1—2)*L1—(f—1)2 
This equation is now multiplied by dv and integrated, Bé and dv being expressed in terms of z in the second member. Choosing the lower 
limit at v=0 and the upper limit at >= 6'/Y—, corresponding to £=1 or z=a, we obtain 

35 a i+ -t 1\ Biti 
i 


t=0 j=0 








i=0 j=0 


gt) / (Dd z 





(B23) 


1 
i Gaim Heh Go-p— 
A similar procedure serves to evaluate the sum in the denominator of Eq. (B21). From Eqs. (B4) and (B6), after substituting for Pi, 
we may write 


> 5 (fi—1) fj—j) (BE) *? oe 
i=o j=o 219 !(ft—27+1) !(f7—2j+1)! (1-2)? 
With the auxiliary variable v, this relation can be put in the form 
3S Mim UGj— jw e 
i=0 j=0 i1j\(fi—2i+1) W(fj—2j+1)! (1-2)? 
Differentiating with respect to v, dividing by v, and then setting v= 6'/Y-), £=1, and z=a@ as before, we get 
$$ (FE DNSI-I) Fi+ Fi-5-542)8"5_ 2 -_ 
imo jeo © tL !(ft—274+-1) !(f7-—2j+1)! (1—a)*[1—(f-—1)a]’ 
which is the desired sum. On substituting this result and that of Eq. (B23) into Eq. (B21), the final expression for (gf), as given by 
Eq. (41), is obtained. 
For (g;)., the equations required run parallel to Eqs. (B20-B23). Thus, 


6E E [PiPi/(fi-i) fj J) IA —g/™ evo f° o-veroragvan f" a1 — ayia 


i=0 j=0 














(gp)2= 


2 = [PiP;/(fi-i) (fi-j) ]1—g/g)e-warnr f° Nu-verntegvan f° afi-i(1—a)/i-ida 
i=0 j=0 
62 2 PPi(fi-i+1)(f7-j+1) 
= oe i=0 j=0 . (B28) 
2 2 P:Pi(fit fj—i—j+3) (fit fi—i—j+2) 
i=0 j=0 
The sum in the numerator has already been given, Eq. (B13), and that of the denominator is easy. Instead of (B25), we need only 
write 








$$ _Vi-aIi-jwrein 
i=o jo 217 1¢ft—24+1) !fj—2j+1)! (1-2)? 
and differentiate twice with respect to v. The sum (for arbitrary £ and z) becomes: 
6+2(f—1)(f—5)z (B30) 
(1—z)*L1—(f—1)z 
When this is used with Eq. (B13), putting z=a, the stated result, Eq. (41a), appears. 
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A simple prescription is given for defining internal coordinates of the bond stretching, bending, out-of- 


plane bending, and torsional types which yields a kinematically complete set of vibrational coordinates with 
no redundancies in acyclic molecules and with 6u redundancies in cyclic molecules, where yu is the number of 
bonds which must be deleted to render the molecule acyclic. 





I. INTRODUCTION 


HERE are four types of internal coordinates which 
have been used most extensively in the mathe- 
matical formulation of the small vibration problem for 
polyatomic molecules. All are defined with reference to 
the valence bonding system assumed for the molecule. 
They may be described as follows: 

(i) Bond stretching: to be designated in general by 
the symbol 7, this coordinate represents the difference of 
the distance between two directly bonded atoms in a 
distorted configuration and the distance at equilibrium. 

(ii) Bond angle: this class of coordinates is given the 
general symbol, ¢, and represents the difference be- 
tween the angle formed by two adjacent bonds in a 
distorted configuration and the corresponding angle at 
equilibrium. In the case of a linear molecule, or of a 
linear part of a larger molecule (such as the four carbons 
of dimethyl acetylene) ‘wo ¢’s can be defined at each 
internal atom, taking the motion to occur in perpen- 
dicular planes whose line of intersection is along the 
molecule. Whenever this case occurs, the second set of 
angles will be designated by ¢’. 

(iii) Out-of-plane bending: coordinates of this class 
can be defined at any atom where three or more co- 
planar bonds are coincident (e.g. formaldehyde, carbon- 
ate ion, ethylene). Such a coordinate, for which the 
class symbol is 7, can be taken as the angle of one bond 
relative to the plane of any two other bonds. 

(iv) Bond torsion: a coordinate of this last class, 
designated by 7, can be defined wherever the atoms at 
each end of a bond (or of a linear part of a molecule 
comprising any number of colinear bonds) each are also 
bonded to additional atoms by bonds not colinear with 
the bonds connecting the two atoms in question. These 
latter two terminal bonds taken respectively with the 
connecting bond (or bonds) define two planes, and the 
torsional angle may be defined as the change in the 
dihedral angle between the two planes. Examples are 
very common, such as torsion about the carbon-carbon 
bond in ethane, about a carbon-carbon bond in a ben- 
zene or cyclohexane ring, etc. 

Once these coordinates have been defined, two rather 
interesting questions arise. The first is whether coordi- 

*This work was supported by the Office of Naval Research 
under Contract N6ori-88, Task Order No. 1. 


** Present address: Department of Chemistry, Oregon State 
ollege, Corvallis, Oregon. 
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nates of these four classes are in every case sufficient to 
describe all vibrational degrees of freedom, i.e., whether 
sets of them can be chosen so as to be “complete.” The 
second question is concerned with the problem of 
redundancy, i.e., linear dependency between some of the 
coordinates chosen when, for reasons of exploiting the 
symmetry! of the molecule, more than the required 
number of coordinates are selected. It should be re- 
marked at this point that the redundancies may most 
conveniently be discovered in some cases after passing 
to symmetry coordinates.’ 

In the remainder of this paper, it will be shown how to 
choose coordinates of only the four types described 
above in such a way as to obtain an exactly complete set 
for acyclic molecules (no redundancies), or a set which 
contains redundancies of a purely cyclic nature for 
cyclic molecules. In other words, we shall show how to 
distinguish between the only two possible types of 
redundancies which can occur with our four funda- 
mental coordinate classes, namely Jocal and cyclic 
redundancies. 


II. CONNECTIVITY OF THE MOLECULE 


In our analysis, we shall make use of some of the 
simplest concepts of analysis situs* in reference to the 
aggregation of atoms and bonds which constitute the 
molecule. It will be assumed that all molecules are con- 
nected, which means, loosely, that all atoms in the 
molecule are bonded either directly or indirectly. Put 
somewhat differently, it is possible to trace a path from 
any point of the molecule (either an atom or a point 
along a bond) to any other point, without leaving the 
bonds or atoms. If the molecule is acyclic, it is not hard 
to see that 


a—b=1 (1) 
where a is the number of atoms and 3 is the number of 


1E. B. Wilson, Jr., J. Chem. Phys. 9, 76 (1941). 

2 C. E. Sun, R. G. Parr, and B. L. Crawford, Jr., J. Chem. Phys. 
17, 840 (1949). 

’ The following correspondence exists between the notation in 
this paper and that employed by O. Veblen, “Analysis Situs’’ 
(American Mathematical Society, New York, 1931): 
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bonds.‘ For cyclic molecules, the quantity, u, defined by 
u=b—a+1 (2) 


is greater than zero, and is, in fact, equal to the number 
of bonds which must be deleted in order to render the 
molecule acyclic. As an example, napthalene has 19 
bonds and 18 atoms, hence p= 2. . 

It will prove useful to classify atoms in terms of their 
multiplicity, that is the number of bonds which meet at 
the atom in question. If the number of atoms of 
multiplicity m be designated by the symbol a», then it is 
obvious that 


a= >) Gn (3) 
m>1 
moreover 
b=3 LD man (4) 
m>1 


since }> mdm counts every bond twice. 


Ill. LINEAR MOLECULES 


Although the case of the linear molecule is very 
simple, it is carried through by way of introduction. The 
number of vibrational degrees of freedom is 


f=3a-S. (5) 


Obviously there are ,= b= a—1 independent stretching 
coordinates. Moreover, the numbers of bending coordi- 
nates are clearly ny=a—2 and ny=a—2. Thus there 
are in all 


n-+ngtny = (a—1)+2(a—2)=3a—5 (6) 


independent internal coordinates, which is precisely the 
required number. 


IV. PLANAR MOLECULES 


Here the in-plane and out-of-plane degrees of freedom 
can be distinguished, with 


fi=2a—3, (7) 
fo=a—3 (8) 


respectively. The numbers of coordinates of the four 
basic types may therefore be considered separately for 
the two types of motions. 

In-plane modes. Only two of the types can contribute 
to the description of in-plane motions, namely r and ¢. 
For the first type, the maximum number of coordinates 
which can be defined is clearly 


n,=b. 


On the other hand, it is possible to define a maximum of 
m(m—1)/2 $’s at each atom of multiplicity m, but this 
would lead to certain Jocal redundancies which we prefer 

‘It should be clear that in the present analysis the chemical 


nature of the bond is irrelevant, i.e., the carbon-carbon bond 
counts as one bond only, whether in ethane, ethylene, or acetylene. 







































C. DECIUS 


to eliminate at the outset. From elementary geometry it 
is apparent that the number of locally independent 
angles at an atom of multiplicity m is m—1. Therefore, 
this number of angles will be taken at each such atom, 
giving rise to the following total number of ¢: 


y= art 2ast act: 
=> (m— 1)am 
=2b—a (9) 


where the final form makes use of (3) and (4). There- 
fore, the sum of the stretching and bending coordinates 
is 
nN; +Nyg=3b—a 
=fit3u (10) 


using the definition of u given in (2). We conclude that 
the above prescription of the choice of coordinates leads 
to at least 3u redundancies. But it is proved in an 
Appendix that the coordinates left after deleting u-bonds 
(so as to make the molecule acyclic) are linearly inde- 
pendent (the proof is conveniently given for linear, 
planar, or general molecules, simultaneously), hence the 
sets of internal coordinates prescribed are complete. 

Out-of-plane modes. To simplify the discussion, it will 
be assumed initially that the molecule contains no linear 
submolecule, that is, no set of two or more adjacent 
colinear bonds. Later it will be shown how to modify the 
result when such submolecules do occur. 

The prescription of coordinates is as follows: 

(i) Choose one 7 to correspond to each non-terminal 
bond (e.g., one for each of the six C—C bonds in 
benzene, but none for the C—H bonds). 

(ii) Choose m—2 ’s at each atom of multiplicity m. 
The numbers of out-of-plane coordinates are then: 


Ny= >, (m—2)dm=2(b—a)+a1 (11) 


m> 2 
and 
n,=b—a (12) 
so that the sum is: 


Ny+n,= 3b—2a=fot3y. (13) 


This result makes it clear that if the molecule has been 
rendered acyclic by deleting u-bonds, the number of 
coordinates defined will be exactly the number required. 
An examination of the elementary geometry of any one 
of the polygons constituting a cycle shows that the 
redundancies consist of exactly three relations per 
polygon between the 7’s only. In the symmetrical case, 
one relation is the simple sum of the 7’s (in a given 
polygon), while the other two relations are slightly more 
complicated, appearing as a degenerate pair amongst 
the symmetry coordinates. 

It must next be shown how to modify the prescription 
if there are linear submolecules. It is not hard to see that 
each linear submolecule of length / (bonds), />1, reduces 
the total number of y and 7 by /—1, but introduces 
exactly /—1 coordinates of type ¢’. Thus the net count 
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VIBRATIONAL COORDINATES 


is unaffected. It should be noted that in some cases it 
will be necessary to include a torsion around the whole 
length of colinear bonds. 


V. GENERAL MOLECULES 
The number of vibrational degrees of freedom is 
f=3a—6. (14) 


Initially it will be assumed that the molecule contains 
neither linear submolecules, nor atoms for which m>2 
at which all the incident bonds are coplanar. Under these 
conditions, the prescription of coordinates will take the 
following form. 

(i) Let a bond stretch be defined for each bond; then 


N= b. (15) 


(ii) A maximum of m(m—1)/2 coordinates of type ¢ 
can be defined at each atom of multiplicity m. However, 
it can be shown** that only 2m—3 such angles are 
independent locally. If this number of angles be chosen 
at each such atom, then the total number will be: 


ne= >, (2m—3)dm=4b—3a+a,. (16) 


m>2 


(iii) As previously in the planar case, the number of 
torsions will be taken to correspond with the number of 
non-terminal bonds, which is 


np=b—a. (17) 
Thus the following sum of coordinates is obtained: 


n,+ng+n,=b+ (4b—3a+a1)+ (b—a1) 
=f+6u. (18) 


Thus, in the general case, our prescription leads to 6u 
redundancies, or no redundancies in the acyclic case. 
The proof that the f coordinates remaining in any case 
after the deletion of u-bonds are independent is given, as 
noted above, in the Appendix. 

It is now possible to eliminate the previous restriction 
which excluded cases in which the molecule contained 
linear submolecules, or atoms of multiplicity greater 
than two with all bonds coplanar. For each case of the 
first kind, when the linear submolecule is of length / 


** This can be done by spherical trigonometry or by considera- 
tion of a molecule consisting of the atom in question plus m radially 
bonded atoms. The m bond stretches are independent of one 
another and of any ¢’s which can be described in such a system 
(see Appendix). Since 3a—6 is here 3(m+-1)—6=3m-—3, it follows 
that (3m—3)—m=2m—3 angles are independent. 

{ It is to be noted that not every choice of 2m—3 angles is cor- 
rect. For m=5, seven ¢’s might be chosen in such a way that all 
pairs for four of the bonds were used, giving 6¢’s, the seventh being 
chosen so as to include the fifth bond. Since this choice would be 
incorrect for the methane-like submolecule, it would also be 
incorrect for the larger molecule. In general, a choice which is 
shown in the Appendix to be independent can be made as follows: 
select three bonds which are not coplanar and define a ¢ between 
each pair; then in a stepwise fashion, define two additional non- 
coplanar @’s for each additional bond, in each step using only the 
— which have been tied together at the end of the previous 
step. 
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bonds, the loss in definable 7’s is /—1, but this is exactly 
compensated by the addition of /—1 coordinates of type 
¢’. Here again, if the linear submolecule is not terminal, 
there will be one torsion which can still be defined ex- 
tending across the entire linear submolecule. 

When the second situation occurs, the 2m—3 ¢’s de- 
fined at the atom in question are no longer independent. 
However, it is merely necessary to substitute m—2 ’s 
for ¢’s (leaving m—1 @’s) at each such atom so that 
there is no net loss of coordinates. Thus the general 
prescription becomes: choose as many 1’s as there are 
bonds; as many 7’s as there are non-terminal bonds, 
replacing as many 7’s as necessary by @’’s in the event 
of linear submolecules; finally, choose 2m—3 @’s at each 
atom of multiplicity m, but at each atom with m> 2 at 
which all bonds are coplanar, replace m—2 ¢’s by y’s. 
The resulting set of coordinates will consist of f+6y 
coordinates in all, of which f are linearly independent. 


VI. SOME EXAMPLES AND CONCLUSIONS 


First, a few examples will be given to illustrate the 
count of redundancies and definition of complete sets of 
coordinates. 

1. Sulfur hexafluoride: 


b=6, 


ng=9, 
n,+ng=15=f. 


The nine ¢’s may be chosen, for example, by taking all 
bond angles which are 90° at equilibrium except those 
bordering one octant. 


a=/7, 
n,=6, 


u=0, f=15, 


2. Benzene: 
a=12, b=12, 
fi=21, fo=9; w=1. 
In-plane modes: 
Nr=12, ng=12, 


n,+ng= 24=f ,+3u=21+3. 
Out-of-plane modes: 


n»=6, n,=6, 
Ny+n,=12=fo+-3u=9+3. 
3. POs: 
Consider this molecule to be of tetrahedral form, with 
the phosphorus atoms at the vertices, the oxygen atoms 
midway along the edges. 


a=10, b=12; 
n,=12, ng=18, 


f=24, 
n,=6, 


u=3, 
Ny = 6. 


In this example, three O—P—O @’s are taken at each 
vertex and one P—O—P is taken as a ¢ at each O. The 
six torsions are about the six P—O—P bond sequences 
(each edge). The set ¢’ consists of six additional 
P—O-—P bendings at the oxygens. The sum of the 
coordinates is: 


N-+Ng+n,+ng =42=f+6yu= 24+ 18. 
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If the oxygen atoms are displaced from the lines be- 
tween the various pairs of phosphorus atoms, ”,=12, 
ng =0. 

In conclusion, two points should be emphasized. The 
first is, that for reasons of symmetry, numerous addi- 
tional redundancies may be introduced Jocally:{{ the 
present analysis makes it possible to distinguish these 
redundancies from the cyclic ones. The second point to 
be made is, that although the sets of coordinates 
prescribed in this paper have been shown to be complete, 
there are molecular examples in which simpler, more 
symmetrical prescriptions can be shown to be complete. 
The P, molecule, with atoms as vertices and bonds as 
edges of a tetrahedron is of this type, since the set of the 
six bond stretches alone is a complete set. 


APPENDIX 


It is desired to prove that the f coordinates remaining 
in any molecule after deletion of u=b—a-+1 bonds are 
linearly independent. 

If the ¢-th such coordinate be designated by S;, then 
the set of coordinates will be linearly independent if and 
only if the only set of constants, c,, which satisfy 


>! ¢S,=0 (19) 


t=1 


are 
t=1, 2, -+-f. (20) 


Using concepts introduced by Wilson,’ the internal 
coordinates may be expressed in terms of independent 
displacement vectors, 01, 02°: *@2 of the several atoms in 
the form 


¢.=0, 


S:=)>0° Sito’ Oc. (21) 


o=1 


where §;, is a vector which indicates the direction in 
which the displacement of the o-th atom makes the 
maximum contribution to S;. The condition for linear 
independence can then be formulated as follows: 
Combining (19) and (21) 


De! €t 0% Sto Qe = * De CSt0* Oo =0. (22) 
t=1 o=1 


o=1 t=1 


But, owing to the independence of the 9, (22) holds if 
and only if 


>! ¢Ste=0, o=1,2,---a. (23) 
tel 


Therefore, linear independence of the f coordinates re- 
quires that the only solution of the a equations of (23) be 
that in which all c, vanish. 

The proof will be given by mathematical induction. 
It will be shown that: 

(i) The prescribed set of coordinates for the case, 
a=2, is linearly independent ; 

tt Local redundancies in this sense must be taken to include 


those introduced, for example, in ethane by taking more than one r 
about the carbon-carbon bond. 





C. DECIUS 


(ii) If the set of coordinates prescribed for the case 
a=n is assumed linearly independent, then the pre- 
scribed set for a=n-+1 is necessarily linearly inde- 
pendent. 

The proof of (i) is trivial: the prescribed set for the 
diatomic molecule consists solely of the single bond 
stretching coordinate, which, as is well known, repre- 
sents the single vibrational degree of freedom in such a 
case. 

In order to prove (ii), first consider every possible way 
by which the addition of one atom to a set of 7 atoms 
augments the prescribed set of coordinates. Note that 
only acyclic molecules need be considered. Depending 
upon the multiplicity of the atom to which the additional 
atom is attached, and also upon the possibility that the 
new bond may be colinear or coplanar with bonds in the 
original molecule, the new coordinates must constitute a 
set of one of the following five types :{ 


(1) T, d,; Ty 
(2) 1, 6, @; 
(3) ’, ?, d, 
(4) 1,4, 7; 
(5) 1, ¢. 


A detailed examination of the s;.- vectors for the new 
atom (o’=u-+1), shows that for each of the above five 
sets, the vectors are linearly independent. For example, 
for the first set s,, is along the new bond, 84," is perpen- 
dicular to the new bond and i: the plane defined by the 
new bond and a (terminal) bond of the original molecule, 
S;«’ is perpendicular to both s,,- and S4.’. Case (3), on 
the other hand, gives rise to an 8," which is along the 
new bond, and to S¢1<’ and S¢ee’ which are perpendicular 
to the new bond but not themselves colinear. 

Case (5) holds for the transition from a linear to a 
planar molecule. 

It is now evident that (23) can only hold in the 
augmented molecule at the new atom if the c; corre- 
sponding to the new coordinates are all zero. Therefore, 
any linear dependence for the augmented molecule must 
involve only the original coordinates, which by hy- 
pothesis, are linearly independent. This shows that the 
set of coordinates prescribed for the augmented molecule 
is linearly independent if that for the original molecule 
was. This completes the proof of the independence of the 
coordinates prescribed for any acyclic molecule. 

t This statement holds even when the addition of an atom 
changes the molecule from linear to planar, or from planar to non- 
planar, with one exception, namely the case where the new atom Is 
bonded to a planar molecule at an atom of multiplicity m greater 
than two in such a way as to produce a non-planar molecule. For 
this special case, the strict use of the coordinate prescription yields 
one new 7, m new @¢’s, and results in a loss of m—2 y’s. This difii- 
culty may be eliminated by the observation that any final acyclic 
configuration may be reached from the diatomic molecule by steps 
of addition of one atom in which the special step just described is 
not required. Thus, for any atom which is ultimately to have m 
bonds not coplanar, we may imagine the atoms added in such an 
order that the first three are bonded to the central one by non- 


coplanar bonds, subsequently adding as many as desired in a given 
plane. 
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The Microwave Spectrum of Chloroacetylene and Deuterochloroacetylene* 


A. A. WESTENBERG, J. H. GotpsTeErn,** AND E. Bricut WILSON, Jr. 
Mallinckrodt Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received May 12, 1949) 


The J = 1— 2 pure rotational transitions in the linear molecules HCCCI*, HCCCI?, DCCCI, and DCCCI* 
have been observed using a Stark modulation microwave spectrograph. The expected quadrupole hyperfine 
structure has been observed and analyzed in the usual manner, yielding values for the nuclear quadrupole 
coupling constants of —79.67, —62.75, —79.66, and —63.12 (mc) respectively. The observed Stark effect is 
in good agreement with that calculated for a linear molecule with a single quadrupolar nucleus using the 
previously reported value of 0.44 Delsye unit for the dipole moment. The dipole moment calculated from the 
Stark Effect data is 0.44+0.01 D. Bond distances calculated are H—C=1.052+0.001A, C=C=1.211 


+0.001A, and C—Cl=1.632+0.001A. 





I. INTRODUCTION 


HIS work was undertaken with the primary pur- 
pose of determining accurately the three struc- 

tural parameters in the linear molecule chloroacetylene, 
special interest being centered in the value for the 
carbon-chlorine distance. According to present theory,! 
such a C—Cl bond adjacent to a triple bond should be 
appreciably shorter than one adjacent to a single bond 
because of the contribution of the resonating structure 


H—C=C=Cl, which thus imparts partial double bond 
character to the C— Cl bond and consequent shortening. 
Electron diffraction results on chloroacetylene bear out 
this prediction.? However, because the recent work on 
the microwave spectrum of vinyl chloride*® has aroused 
interest in this laboratory in the general problem of the 
C—Cl bond in such unsaturated molecules, it was felt 
that a microwave study of chloroacetylene would be 
desirable. The bond shortening would be expected to be 
greater in this molecule than in vinyl] chloride because of 
the enhanced effect of the triple bond over the double 
bond. It was also desired to obtain a value for the 
quadrupole coupling constant in chloroacetylene, for 
comparison with the values reported for other molecules 
containing chlorine. 


II. PREPARATION 


Chloroacetylene was prepared essentially as described 
previously. Hg(C=CCl)2 was prepared by adding 10 cc 
of sym-dichloroethylene (cis) to a solution of 5 g of 
Hg(CN)., and 2.3 g of KOH in 20 cc of water. It was 
purified by extraction from hot chloroform (Soxhlet). 
0.4 g of the Hg(C=CCl). was reacted with a solution of 
1.3 g of KCN and 0.3 g of KOH in 4.5 cc of water. The 








* The research reported in this document was made possible 
through support extended Harvard University by the Navy De- 
partment (Office of Naval Research) under Office of Naval 
Research contract NSori-76, T. O. V. 

** National Research Council Predoctoral Fellow. 

1L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, 1939). 
a9 3. Brockway and I. E. Coop, Trans. Faraday Soc. 34, 1429 

*J. H. Goldstein and J. K. Bragg (to be published). 

‘ Bashford, Emeleus, and Briscoe, J. Chem. Soc., 1358 (1938). 


reaction was carried out in an all-glass flow system using 
a stream of Ne which was freed of any oxygen by passage 
through a pyrogallol-KOH bubbler. The H—-C=C—Cl 
was condensed in liquid nitrogen. Purification was ac- 
complished by several evaporations and condensations 
in a good vacuum system, and finally, high boiling 
impurities were trapped out in a dry ice-acetone bath 
at —80°C. 

D—C=C—Cl was prepared in exactly the same way 
except that the Hg(C=CCl)2 was reacted with a solu- 
tion of KCN and KOD in D.O. The KOD—D.,0 solu- 
tion was prepared by a method analogous to that 
described for making metal-ammonia solutions.°® 

It should be mentioned that since chloroacetylene is 
spontaneously combustible it is necessary that all oxy- 
gen be excluded and that, if possible, the preparation be 
carried out with only very small amounts of materials as 
described here. It is especially important to evacuate the 
H—C=C—Cl receiver with a good vacuum system 
while it is immersed in liquid nitrogen before making the 
first evaporation to room temperature. Despite the 
current of Ne, some Oy diffuses back from the air and 
condenses with the H—C=C—Cl. The writers observed 
one explosion when the receiver was evacuated with just 
a mechanical pump and the contents allowed to 
evaporate. A diffusion pump should be included in the 
vacuum line to remove the last traces of O2. 


Ill. APPARATUS 


The Stark modulation microwave spectrograph pre- 
viously described® was used. The modulation source was 
a 0-1000 v square wave generator. All frequencies were 
measured with a crystal-controlled frequency standard 
and an associated radio receiver calibrated against 
Station WWV. The frequencies reported herein should 
be accurate to at least 0.1 mc/sec. 


IV. DESCRIPTION OF SPECTRA 


We have observed the J = 1-2 pure rotational transi- 
tions for the four isotopic species H—C=C—C\l*, 
H-—C=C—CPF’, D—C=C—CF, and D—C=C—CF". 


5 Kraus, J. Am. Chem. Soc. 30, 1197 (1908). 
6 Hughes and Wilson, Phys. Rev. 71, 562 (1947). 
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TABLE I, J=1-—>2 transition for chloroacetylene. Comparison of observed and predicted hyperfine structure. 











H—C #C —Cl® H-C=C-Cl# D—C#C-—ClIs D—-—C=C-—Cl# 

F Obs. Calc. Obs. Calc. Obs. Calc. Obs. Cale. 
5/2->7/2 
3/2-»5/2 22738.63 mc 22738.68 22290.8; 22290.8; 20749.7¢ 20749.7.¢ 20338.29 20338.2, 
5/2-—>5/2 22718.89 22718.7¢ 22275.1o 22275.17 20729.7 20729.84 20322.50 20322.5, 
5/2-+3/2 22732.9 22732.99 — — 20744.05 20744.0; — — 
3/2-+3/2 22752.95 22752.9% 22302. 10 22302.0¢ 20763.9¢ 20763.93 20349.43 20349.5, 
3/2—+1/2 22772.82 22772.82 — —_ 20783.8 20783.90 = mm 
1/2-—>3/2 22717.07 22717.05; 22273.9 22273.82 20728.0; 20728.13 20321.12 20321.15 
1/2—>1/2 22737.00 22736.97 22289.55 22289.51 20748.02 20748.0; 


20336.84 20336.9, 








According to the well-known theory’ of the quadrupole 
splitting for a linear molecule containing one quadrupolar 
nucleus, there should be eight lines in the pattern for a 
J=1—2 transition with the nucleus (chlorine) having a 
spin of 3/2. Two of these will coincide (F=5/2—+7/2 and 
3/2—5/2). All eight lines have been detected in the 
naturally more abundant species containing C]** and all 
but the two weakest (AF=—1) in the Cl*’ species. The 
observed frequencies are listed in Table I. 

From a least-squares fit to the observed data for each 
molecule, values were obtained for the quadrupole 
coupling constants egQ. The frequencies for the J = 1—2 
transitions were then corrected to zero quadrupole effect 
from these coupling constants and the observed fre- 
quency of the main line of each multiplet (F=5/2—7/2, 
3/2-—+5/2). The coupling constants, corrected fre- 
quencies, and rotational constants appear in Table II. 
The calculated frequencies of Table I were obtained 
from the coupling constants and the corrected fre- 
quencies in the usual way. 

The ratios of the quadrupole moments for the two chlo- 
rine isotopes Cl*°/Cl*” obtained from the coupling con- 
stants for the two pairs H—C=C—Cl*/H—C=C-- Cl” 
and D—C=C—CI*/D—C=C—Cl” are 1.270 and 
1.262 respectively. The coupling constants in methyl 
chloride* are —75.13 and —59.3 mc for Cl®* and Cl*” 
giving a ratio of 1.267, and in cyanogen chloride® they 
are —83.4 and —65.3 with a ratio of 1.277. 

It must be reported that our samples of H—-C=C—Cl 
and D—C=C—Cl gave four or five extra lines ina range 
of about 100 mc on the high frequency side of the main 
patterns of both Cl molecules. It seems unlikely that 
they are due to impurities since attempts at purification 
by means of condensing at various temperatures, effu- 
sion methods, and preferential adsorption did not reduce 
the relative intensity of these lines. The relative inten- 
sity did decrease appreciably at dry ice temperature, 
however. In view of these facts, it is probable that the 
lines are due to excited vibrational states. 

7 See, for example, J. Bardeen and C. H. Townes, Phys. Rev. 73, 
97 (1948). 


8 Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 
® Townes, Holden, and Merritt, Phys. Rev. 74, 1113 (1948). 


V. BOND DISTANCES 


In calculating the moments of inertia we have used the 
following values: = 6.6242 X 10~*’ erg-sec., H= 1.00813 
a.m.u., D=2.01471 a.m.u., C=12.00386 a.m.u., Cl* 
= 34.98107 a.m.u., and Cl*7=36.97829 a.m.u. Solving 
simultaneously for the three bond distances from the 
moments of inertia for H— C=C—Cl®*, H—-C=C—Cl*, 
and D—C=C—Cl** the values are H—C=1.0525A, 
C=C=1.2095A, and C—Cl=1.6333A. From H—C= 
C-—CE, D—C=C—CF, and D—C=C—CI” the 
values are (in the same order) 1.0518, 1.2115, and 
1.6318A. The distances given in Table III represent 
averages of these pairs. The electron diffraction result 
for the (C—Cl) distances in chloroacetylene’ are 
1.68+-0.04A for the C—Cl bond and 1.21+0.04 for the 
C=C bond. 


VI. STARK EFFECT 


The matrix for the complete Hamiltonian in an 
electric field, H=H)+H,+H., was set up in the 
JIM ;M, representation and then subjected to a trans- 
formation e~‘*S defined by the relation” 


i[S, H.]=—H. 


leading to the transformed Hamiltonian 
1 
iiticidideaiel” ae H, | 


with the property that the off-diagonal Stark effect 
terms can now be ignored if a result correct to the 
second order in the electric field is desired. The quad- 
rupole term, H,, then introduces off-diagonal elements 
which require the solution of small secular equations. 
The results are equally valid for weak, intermediate, or 
strong fields, although in general for the field strengths 
employed, only the intermediate field case was realized. 
A more general and detailed account of the above 
procedure will be given elsewhere." 

1 R, Karplus and A. Harry. Sharbaugh, Phys. Rev. 75, 889 


(1949). 
1 J. H. Goldstein and J. K. Bragg, to be published. 
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TABLE II. Corrected frequencies for J = 1—>2 transition. Rotational 
constants and quadrupole coupling constants. 
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TABLE IV. Comparison of theoretical and observed Stark effect for 
5/2—>7/2 line of the J = 1—>2 transition for HCCCI*®. 








H-—C=C-—Ci® H-—C=C-—Ci” D—C=C-—Ci® D—C=C—Ci 





Frequency (mc) 22736.97 22289.51 20748.05 20336.94 
Bo (me) 5684.24 5572.38 5187.01 5084.24 
egQ (me) —79.67 —62.75 —79.66 —63.12 








TABLE III. Bond distances (rigid rotor approximation). 








H —C (A) C=#C 


1.052+0.001 1.211+0.001 


C-Cl 


1.632+0.001 











Eight Stark components in the multiplet were studied 
at field strengths up to 15 e.s.u./cm. The observed fre- 
quency shifts agreed quite well with the theoretical 
values except in a very few cases at low field strength 
where the Stark component was not clearly resolved 
from a set of closely spaced zero-field lines. Table IV 
gives the results for the three Stark components of the 
strongest (5/2—7/2) line of the multiplet. The theo- 
retical shifts were calculated using the value of 0.44 D 
for the dipole moment.” 

The mean deviation between the experimental and 
predicted values for all Stark components examined is 
about 0.09 Mc, excluding a very few doubtful points at 
low field strength as mentioned above. The dipole 
moment of CIC=CH calculated from the Stark effect is 
0.44+0.01 D, which is identical with the previously 
reported value. 


VII. CHARACTER OF C—Cl BOND 


According to current ideas, both the bond distance’ 
and the quadrupole coupling constant are directly 








Av, Mc 
gE M =5/2 M =3/2 M =1/2 
e.s.u./cm Expt. Theor. Expt. Theor. Expt. Theor. 
5 +0.90 +0.91 —0.62 —0.09 — — 
p Be 2.03 2.06 0.61 0.51 — —0.44 
10 3.82 3.71 1.48 1.60 —_ +0.05 
12.5 5.94 5.87 3.67 3.74 +1.60 1.56 
15 8.61 8.59 7.22 7.09 4.17 4.24 








related to the bond type. Any contribution of C=ClI* 
should cause a shortening of the C—Cl distance and a 
decrease in the absolute value of the quadrupole 
coupling constant. The bond length does decrease from 
CH;Cl to vinyl chloride to chloroacetylene but the 
quadrupole constant does not show this simple behavior. 
Thus the constant decreases in the order CICN, CICCH, 
CH;Cl, vinyl chloride. This is presumably strong evi- 
dence for the importance of other structures and indi- 
cates that caution is desirable in attempting to ac- 
count for changes in one or two molecular proper- 
ties by postulating a small number .of resonating 
structures. 
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The first hydrolysis of ferric ion in the presence of various perchlorate salts has been studied spectro- 
photometrically. At a given concentration of perchloric acid, the equilibrium has been shown to depend on 


the concentration of perchlorate ion. 





N a recent brief communication,! we stated that the 
equilibrium Fet+++H,O=FeOH**+H* in the 
presence of perchlorate ion depended upon the concen- 
tration of the perchlorate ion. We present here the ex- 
perimental details upon which the statement was based. 


PREPARATION OF MATERIALS 


A stock solution of ferric perchlorate was prepared by 
oxidizing G. F. Smith ferrous perchlorate with an excess 
of Merck ‘“‘Superoxol” preservative-free hydrogen per- 
oxide in the presence of sufficient perchloric acid so that 
the final solution after dilution was about 0.1M (moles 
per liter) in ferric perchlorate and 0.1M in perchloric 
acid. The excess of peroxide was destroyed by boiling 
the solution. The solution was analyzed for iron by 
titration with potassium dichromate using barium 
diphenylamine sulfonate indicator after reducing the 
iron with stannous chloride. Since the reduction of 
ferric ion by stannous ion in the absence of chloride ion 
is extremely slow, hydrochloric acid was added to the 
aliquots removed for analysis. Analysis for acid was 
made by the method of Schumb and Sweetser.? 
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Fic. 1. Absorption spectra of 4.70X10-4M ferric perchlorate 
solutions at constant perchlorate ion concentration (0.046). 
(1): (HCIO,) = 1.485 10-3; (2): (HC1O4) = 2.473 103M; (3): 
(HCIO,) =5.454X10-°M; (4): Calculated curve for FeOH**; 
(5): Solid curve is calculated for Fe+**, dotted curve is measure 
at (HCIO,)=3.7M. Ordinates are apparent molar extinction 
coefficients. 


(1945) R. Olson and T. R. Simonson, J. Chem. Phys. 17, 348 
ase © Schumb and S. B. Sweetser, J. Am. Chem. Soc. 57, 871 
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A sodium perchlorate solution was made by the 
neutralization of standardized perchloric acid with 
analytical reagent grade sodium carbonate to a pH of 
about four, using an outside indicator. After boiling off 
the carbon dioxide, neutralization was completed to a 
~H of about 6.5 with sodium hydroxide solution, check- 
ing the pH by testing small portions, using a Beckman 
pH meter with microelectrodes. 

A barium perchlorate solution was prepared from G. 
F. Smith barium perchlorate. It was analyzed gravi- 
metrically by precipitation of barium sulfate with 
sulfuric acid. After ignition, the precipitates were 
moistened with more sulfuric acid which was fumed off 
under a heat lamp, and were again ignited. Three 
analyses had a maximum deviation of 0.1 percent. The 
pH of this solution was 6.2. 

A lanthanum perchlorate solution was prepared by 
the reaction of a known amount of standardized 1M 
perchloric acid with an excess of lanthanum oxide. The 
lanthanum oxide was strongly ignited in platinum and 
weighed, added to the perchloric acid, and the resulting 
solution stirred for three hours. The excess oxide was 
filtered off, ignited, and weighed as a rough check on the 
amount which had gone into solution. The final concen- 
tration was calculated from the total acid used. This 
agreed within less than one percent with the calculation 
from oxide used. The pH of the solution was 7.0. 


SPECTRAL MEASUREMENTS 


Absorption spectra were measured with a Beckman 
quartz spectrophotometer arranged for constant tem- 
perature measurements. The cell compartment was 
replaced with one that permitted water to be circulated 
around the one-cm absorption cells, leaving only about 
five mm of the top of the cells out of the thermostating 
liquid. The compartment was provided with fused silica 
windows. The temperature for a single set of measure- 
ments was constant to about 0.1°C. 


NATURE OF THE EQUILIBRIUM 


The absorption spectra of ferric ion and its first 
hydrolysis product are appreciably different. Rabino- 
witch and Stockmayer® have analyzed these in the 
visible and in the ultraviolet region from about 320 to 


*E. Rabinowitch and W. H. Stockmayer, J. Am. Chem. Soc. 
64, 335 (1942). 
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Fic. 2. Absorption spectra of a 4.70X10-*M solution of ferric 
perchlorate. (HCIO,)=2.47X10-°M. (NaClOy)=0.6M. (1): 
25.0°C. (2): 35.0°C. The two curves are drawn smoothly through 
the observed points. The circles represent measurements at 25.0° 
after cooling the solution again to this temperature. Ordinates are 
apparent molar extinction coefficients. 


350 my, using solutions acidified with perchloric acid. 
The present investigation makes use of solutions that 
are much more dilute in iron and in perchloric acid than 
the ones used by the above investigators. 

Figure 1 shows three absorption spectra of 4.70 
X10-*M ferric perchlorate solutions at various concen- 
trations of perchloric acid. In each case, sufficient 
sodium perchlorate was added to make the total concen- 
tration of perchlorate ion 0.046M. The reason for main- 
taining a constant perchlorate ion concentration will be 
evident later. An interesting feature of these curves is 
the fact that they all have a point in common at about 
272 mu. This is a strong indication that the iron is 
present in only two forms, both of which absorb strongly 
in this region. Any third component must be present to 
only a very small concentration. Designating the two 
iron species that are present as a and 8, we obtain 


E= (a)éat (B)es, (1) 


where E is the measured extinction (optical density) of a 
solution in a one-cm cell, and the e’s are molar extinction 
coefficients. Subject to the condition that (a)+(6) 
=2(Fe), the concentration equilibrium quotient for the 
hydrolysis may be written 


[(8)(H*) ]/(a)=K. (2) 

Solving (2) for (a) and (8) in terms of K and the total 
iron concentration and substituting in (1) gives 

[ (H+)+K JE=(H*)>(Fe)ea+K2(Fe)eg. (3) 


Since there are three absorption curves at different 
acidities, three equations like (3) may be written. 
Eliminating the e’s with their 2(Fe) constant multipliers, 
and for brevity, writing / for (H+), we get 


(ho— hy) (h3+ K)E3;— (h3— hy) (he+ K)E, 
+ (hs— he) (4+K)E, =0 


ION 1323 
as the relation between the observed extinctions at a 
given wave-length. This equation is linear in the E’s, 
and so the numerical values for the observations may be 
summed for all wave-lengths to give a single equation 
which may be solved for an average K by a series of 
successive approximations. This method gives 2.8 10-* 
for an equilibrium quotient from the data of Fig. 1.4 
Substituting this value in (3) for each wave-length 
permits the calculation of the two molar extinction 
coefficients. Since the curve representing the molar 
extinction coefficient for a differs only slightly from that 
obtained by the direct measurement of the absorption 
spectrum of ferric perchlorate at the same concentration 
in 3.7M perchloric acid, it seems reasonable to us to 
identify a with ferric ion. These slight changes might be 
expected from the drastically changed nature of the 
solvent. The directly measured absorption also is shown 
in Fig. 1. The general shape of the curve for 8, i.e., 
FeOH**, and the great difference between this curve 
and that for the ferric ion show that the spectrum of a 
mixture should be sensitive to small changes in the equi- 
librium Fe+*+*++ H,O= FeOH**-+ Ht. 


REVERSIBILITY 


Small effects of other possible equilibria (as, for ex- 
ample, the second hydrolysis) superimposed on the 
principal one just discussed are not important for our 
present purpose. If suffices, for the present, to show that 
there is rapid, reversible, equilibrium among the various 
possible species in solution. Figure 2 shows the effect of 
a ten degree temperature change. The curve for 25° was 
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Fic. 3. Comparison of absorption spectra of ferric perchlorate 
solutions to which sodium perchlorate or lanthanum perchlorate 
has been added. [Fe(ClO,)3]=4.70X 10M. (HCIO,)=1.485 
X10-°M. Ordinates are (E_ta— Ena), where E is optical density. 
Filled circles are comparisons at equal normalities of added salt. 
Open circles compare equal ionic strength contributions of added 
salt. Normalities or ionic strength contributions are (1): 0.040, 
(2) : 0.020, (3) : 0.0040. 


4This value may be compared with the calculated results of 
W. C. Bray and A. V. Hershey, J. Am. Chem. Soc. 56, 1889 (1934), 
which gave 2.98X10-% and 2.46X 10~ at ionic strengths of 0.04 
and 0,09, respectively, 
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TABLE I. Effect of various perchlorates on the absorption spectrum of ferric perchlorate. 









SIMONSON 

















[Fe(ClO«)3] =4.70 X10-4*M [HC104] =1.485 X 103M 





One-cm absorption cell 


103 X (optical density) 


La Na Ba La Na Ba 
ub =0.004 


Na Ba 


Salt cation N* =0.004 


N*=0.02 





La Na Ba La Na Ba La Na Ba La 
p> =0.02 N*+=0.04 pnb =0.04 





Wave-length 
(mp) 
360 128 128 129 128 128 129 125 124 
350 201 201 202 199 199 199 195 193 
340 293 293 293 292 292 293 283 281 
330 394 395 394 395 396 397 378 375 
320 497 498 495 499 501 501 475 473 
310 590 590 588 593 593 595 557. 555 
300 648 649 646 656 659 663 614 611 
290 664 665 662 667 668 671 635 634 
280 644 645 643 644 645 647 632 630 
270 630 632 630 633 630 630 640 640 
260 669 672 670 672 667 












124 125 125 124 121 119 121 121 120 121 
194 196 196 197 192 190 192 192 191 191 
282 284 284 287 277, «275.275 278 278 278 
377 380 382 384 368 365 366 370 371 373 
472 477 481 484 456 453 455 457 461 466 
554 560 567 572 536 532 534 538 544 551 
611 616 623 630 592 588 588 593 601 607 
633 636 641 645 615 612 612 616 622 630 
629 640 641 642 622 620 621 622 623 626 
641 641 638 634 647 647 648 647 642 639 














® Normality of added salt. 
b Ionic strength contribution from added?salt. 





run first; then the temperature was raised to 35° and 
another series of measurements was made. The temper- 
ature was again dropped to 25° and additional observa- 
tions made. The last set of readings at 25° agreed with 
those of the first set well within the experimental error 
of a few units in the third decimal place of optical 
density. 

The work of Lamb and Jacques’ indicates that these 
solutions may be unstable with respect to the slow pre- 
cipitation of Fe(OH);. In none of the experiments re- 
ported here did more than one hour elapse between 
dilution of the concentrated stock solution and com- 
pletion of the measurement of the absorption spectra. A 
small change in absorption with time was found to occur 
over a period of days, but its effect in one hour was 
negligible. Usually this was verified by checking a few of 
the first measurements of a spectrum at the conclusion 
of a run. In no case was there a significant change during 
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Fic. 4. Data are like those of Fig. 3, except the effect of sodium 
and barium perchlorates are compared. Normalities or ionic 
strength contributions from added salt: (1): 0.040, (2): 0.020, 
(3) : 0.0040. 


5 A. B. Lamb and A. G. Jacques, J. Am. Chem. Soc. 60, 967, 
1215 (1938). 












the course of the observations. This fact, together with 
the observation of reversibility with temperature change, 
indicates clearly that we are studying an equilibrium 
phenomenon. 


EFFECT OF ADDED PERCHLORATES 


The principal experiments consisted of determining 
spectra of solutions of ferric perchlorate and perchloric 
acid to which various perchlorates were added. In these 
runs the concentration of ferric perchlorate was 4.70 
X10-*M and that of perchloric acid was 1.485 X 10°. 
Four one-cm cells were used in the instrument at one 
time. All four were filled with water, and three of the 
cells were calibrated against the fourth which was used 
throughout as a reference cell. The working cells were 
then repeatedly rinsed with the solutions to be measured 
without removing them from the instrument. This was 
done by aspirating the contents between fillings, thus 
eliminating the errors caused by changes in cell positions. 
In one series of experiments we measured the extinction 
of iron solutions containing sodium, barium, or lantha- 
num perchlorate, all at the same perchlorate ion concen- 
tration. This was done at three different concentrations. 
In another series of experiments we measured the ex- 
tinction of the same iron solutions to which these salts 
had been added in such amounts as to produce the same 
ionic strength. These results are shown in Table I. In 
Fig. 3 we have plotted the difference between the 
measured extinctions for the solutions containing the 
sodium perchlorate and those for the solutions con- 
taining the corresponding amounts of lanthanum per- 
chlorate. The filled circles refer to solutions that have 
the same perchlorate ion concentration, the open circles 
to solutions having the same ionic strength. Figure 4 
shows a similar comparison for sodium perchlorate and 
barium perchlorate. 

The two diagrams make strikingly clear the close 
correlation between equilibrium concentrations of iron 
species and the concentration of perchlorate ion. When 
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PHOTO-SENSITIZED HYDROGENATION 


solutions of equal ionic strength are compared, the 
one with less perchlorate ion is appreciably more 
hydrolyzed. Rabinowitch and Stockmayer* observed 
that some specific effect of perchlorate ion on this 
equilibrium must occur at constant ionic strength, and 
pointed out that Brgnsted’s principle of specific inter- 
action of ions® predicted deviations of this nature. The 
results of the present experiments, however, indicate 
that at a given perchloric acid concentration the concen- 
tration of perchlorate ions is the major factor concerned 
with the equilibrium. 
‘1 
The equilibrium Fe+*+++H,O@FeOH*++H? is the 


v2 
result of the equality of two opposing rates, neither of 
which formally involves a negative ion. The effect of 
adding perchlorate ion might be explained by assuming 
that such addition produces a greater decrease in the 
forward rate, 7;, than in 72, This could come about if 
ierric ion formed a complex of sufficient stability and in 


6 J. N. Brgénsted, J. Am. Chem. Soc. 44, 877 (1922). 
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sufficient magnitude to account for the shift in equi- 
librium. If this were the case, we might have expected to 
find a marked difference between the two absorption 
spectra for ferric ion shown in Fig. 1. Of course, it is 
possible that the perchlorate complex has almost the 
same absorption as ferric ion throughout the whole 
range. An alternative explanation could be based on the 
kinetic experiments,’ in which it was shown that the 
large increase in the rate of a reaction between ions of 
the same sign depends almost entirely on the concen- 
tration and character of ions of opposite sign, and the 
further observation that the rate of the reaction between 
an ion and a neutral molecule shows only a small salt 
effect. Until reliable experimental evidence for the ex-.’ 
istence of a sufficient amount. of a complex between 
ferric ion and perchlorate ion in dilute aqueous solution 
is presented, we incline to the belief that the shift in the 
equilibrium studied here is due almost entirely to the 
increase in 72 caused by the specific effect of the negative 
ion. 


7 A. R. Olson and T. R. Simonson, J. Chem. Phys. 17, 1167 (1949). 
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The Hg—‘*P, photo-sensitized hydrogenations of isobutene, butene-1, and butene-2 have been studied 
from 24 to 300°C at an H2:C,Hs ratio of 10:1. Mass spectrometer analyses of the products have led to the 
following conclusions: (1) When a H atom adds to isobutene, the tertiary butyl radical is formed. Any 
isobutyls decompose immediately into methyl and propene. (2) Addition of a H atom to butene-2 produces 
little sec.-butyl, mostly methyl plus propene. (3) Addition of a H atom to butene-1 produces considerable 
sec.-butyl. Any n-butyls decompose into ethyl and ethene. (4) The isomeric constitution of the octanes sug- 
gests that radicals add to olefinic double bonds at the carbon atom with highest electron density. Products 
from the photolysis of di-n-butylmercury at \= 2537A indicate that n-CsH y= C2H;+C2Hs, has an activation 


energy of around 35 kcal. 


HIS investigation was designed to study some of 

the elementary reactions of butyl radicals. It is 

an extension of earlier work with propylene.! Hydrogen 

atoms from the reaction of Hg—*P; with Hz might be 
expected to add to the butenes as follows: 


H+ (CH3)2C : CH2= (CHs3) 3C. 
H+ (CH3).C: CH,= (CH3) oCHCHs. 


H+CH;CH: CHCH; 
=CH;(C2H;)CH. 
H+CH.: CHCH.CH; 
= CH;(C2H;)CH. 


H+CH;:CHCH.CH; 
ee = CH;CH2CH2CHo». 
'W. J. Moore, J. Chem. Phys. 16, 916 (1948). 


tert.-butyl (1a) 


isobutyl (1b) 
sec.-butyl (2) 
sec.-butyl (3a) 


n-butyl (3b) 


Butyl radicals so produced might react by (a) combina- 
tion, (b) disproportionation, (c) hydrogenation with 
H or He, (d) decomposition, (e) addition to butene 
(polymerization). Analysis of the final products should 
provide some information about the relative proba- 
bilities of these diverse reactions. The photolysis of di-n- 
butylmercury was also studied, to obtain further data 
on the products from v-butyl. 


EXPERIMENTAL 


The reaction vessel, a quartz tube 40 mm in diameter 
by 40 cm long, was mounted in a furnace provided with 
quartz windows. A Hanovia SC-2537 arc was used for 
the photo-sensitization experiments and a Hanovia 
type-L arc for the photolyses. The general experimental 
procedure has been described previously." 
2W, J. Moore and H. S. Taylor, J. Chem. Phys. 8, 396 (1940). 
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TABLE I. Products from isobutene hydrogenation. 


AND L. A. 








WALL 





TABLE II. Products from butene-2 hydrogenation. 











300°C 












23°C 300°C 








11.0 
1.3 


2 
3. 


23°C 
2,2,3,3-tetramethylbutane 12.2 
2,4,4-trimethylpentene-1 — 
neopentane 11.7 
isobutane 52. 
propane 
propene 
ethane 
ethene 
methane 15. 
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The hydrocarbons used were Phillips Research Grade, 
and mass spectrometer analyses confirmed their purity 
as 98.5 percent or better. The dibutylmercury was 
Eastman (white label), redistilled in vacuum. The 
hydrogen was deoxygenated by passage through pal- 
ladized asbestos, anhydrous calcium sulfate, and a 
silica gel trap at — 195°C. 

The hydrogenation runs were made with an olefine 
pressure of 20 to 30 mm and an 8 to 10 fold excess of 
hydrogen. A few runs with 20 to 30 fold excess of 
hydrogen showed little change in the product distri- 
bution. Assuming the quantum yield of the ethylene 
hydrogenation to be unity at 23°C, the light input to 
the reaction vessel could be calculated roughly to be 
of the order of 5X10-® einsteins/sec. A few runs were 
made with about 10 times this intensity. 

At the end of a run, gas non-condensible at — 195°C 
was pumped off; the hydrogen was burned on cupric 
oxide and the residual gas recorded as methane. 
A second fraction was taken at —68°, and a third at 
room temperature. These were separately analyzed with 
a Consolidated mass spectrometer. For these analyses 
we are indebted to the Mass Spectrometer Section of 
the National Bureau of Standards. 


RESULTS 
A. Isobutene Hydrogenation 


The products from runs at 23° and 300°C are shown 
in Table I. Except for a trace of 3,4-dimethylhexane the 
only Cg product is 2,2,3,3-tetramethylbutane, the dimer 
of the tertiary butyl radical. The sole product of the 
addition of a hydrogen atom to isobutene appears to be 
tertiary butyl. Either the isobutyl radical is not 
formed at all owing to a higher activation energy of 
reaction (1b) compared with (la) or it decomposes 
before reacting, 


(CH3) »CHCH, = CH;+ CH;CH: CHa. (4) 
The considerable amounts of methane, propene, and 
neopentane (methyl+/ert-butyl) are consistent with 
reaction (4). Reactions (1a) to (3b) are exothermic by 
36 to 44 kcal./mole* so that the radicals formed by 





3 J. S. Roberts and H. A. Skinner, Trans. Faraday Soc. 40, 
339 (1949). 





3,4-dimethylhexane 0.8 Ld 
2,3-dimethylpentane — 4.8 
2,2-dimethylpentane — 1.2 
n-hexane — 1.2 
hexene — 1.0 
2,3-dimethylbutane — 2.7 
pentane (n-?) 4.7 7.0 
pentene — 2.3 
n-butane 48.7 23.5 
propane aa 6.0 
propene 13.7 11.3 
ethane 4.5 5.8 
ethene 4.9 — 

methane 18.8 31.4 











n-OC 
3,4-¢ 
2aed 
octe} 
hept 
hexa 
pent 
n-bu 
prop 
prop 
etha 
ether 
meth 








binary collisions are “hot” to this extent. It is likely, 
therefore, that the activation energy of reaction (4) is 
less than 40 kcal. whereas that for decomposition of /eri- 
butyl is considerably greater than 40 kcal. 

In addition to the volatile products there is con- 
siderable polymer. 


B. Butene-2 Hydrogenation 


The products are shown in Table II. Only the sec.- 
butyl radical can be formed in this instance. Like the 
isobutyl, this can split without rearrangement into 
methyl and propene. Thus methane, propene, 2,3-di- 
methylpentane (isopropyl+sec.-butyl) are found in the 
products. There is only a small amount of the dimer of 
sec.-butyl, 3,4-dimethylhexane, but there is a large 
amount of unidentified higher polymer. The expected 
pentane would be isopentane (methyl+sec.-butyl), but 
the analyses suggest -pentane. 


C. Butene-1 Hydrogenation 


The products are given in Table III. Because of the 
complexity of the product distribution an analysis in 
terms of the exact isomers present was not always 
possible. The much higher percent of 3,4-dimethyl- 
hexane from butene-1 as compared with butene-2 is 
noteworthy, inasmuch as this octane is presumed to 
arise from the sec.-butyl radical in both cases. This 
difference may arise from a distinction in the hydrogen 
atom addition: 


H H H H, 
H;C’C--C—CH; CH.-C—C—CH; 
a : *., 


H butene-2 “A butene-1 








When a H atom attacks butene-2, a CH; radical can 
be driven off by a simple replacement reaction on the C 
atom attacked. When a H atom adds to butene-l, 
however, the sec.-butyl radical formed is less likely to 
decompose since the methy] broken off must come from 
the other end of the molecule. 
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TABLE III. Products from butene-1 hydrogenation. 
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TABLE IV. Products from di-n-butylmercury photolysis. 








24° 





24° (I X10) 220° 300° 
n-octane 0.4 0.4 0.2 — 
3,4-dimethylhexane 30.0 16.6 9.6 is 
2,2,3-trimethylpentane — — — 1.0 
octene-1 3.0 0.9 2.2 _ 
heptane-+ heptene 1.4 0.4 1.2 1.6 
hexane+ hexene 1.6 3.4 8.3 2.9 
pentane-++ pentene 3.0 4.3 4.3 4.7 
n-butane 45.7 53.5 38.3 16.9 
propane 2.7 2.4 4.5 16.6 
propene 5.4 6.9 11.2 14.8 
ethane 1.9 4.0 2.9 14.1 
ethene 4.3 — 6.2 2.1 
methane 0.5 6.7 10.2 21.7 
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D. Di-n-Butyl Mercury Photolysis 


The me-:cury dibutyl photolyses were run with a 
constant amount of alkyl, sufficient to yield a pressure 
of 20 mm in the reaction vessel at 120°C. The pressures 
were therefore greater in the high temperature runs 
but the vapor densities were about the same. The 
product analyses are given in Table IV. 

The strength of the Hg—C bond has been estimated 
to be around 16 kcal.* Hence butyl radicals formed by 
HgBue+hv(2537) = Hg+2Bu would be “hot” to the 
extent of about 27 kcal. each (on the average). These 
butyls are therefore somewhat comparable with those 
from the atomic hydrogenation. The results in Table IV 
indicate that the preferred mode of decomposition of the 
radical is CsHy= C2H;+CoHg. 

The occurrence of 2,3-dimethylbutane as the sole 
hexane product from propene was interpreted as the 
result of a preferential addition of the H atom to yield 
the sec.-propyl radical.! It is also possible that, like 
n-butyl, m-propyl is so unstable that it immediately 
breaks into methyl and ethylene,® but the small amounts 
of ethane and butane found in the propene hydrogena- 
tion lend some support to the view that little n-propyl 
is formed in the H atom addition. 

The AHg9s for the decomposition of the radicals can 
be estimated by combining the bond energies of 
Roberts and Skinner*® with the National Bureau of 
Standards heats of formation of hydrocarbons.® 


n-C4Hy = C.H;+ CoHy— 28 kcal. 
sec.-C4Hyg = CH;+ C;Hs— 31 kcal. 
n-C3H;, = CH;+ C.H,— 26 kcal. 


‘*N. V. Sidgwick and H. D. Springall, Nature 156, 599 (1945). 
soa, Rabinowitch, Davis, Winkler, Can. J. Research B21, 251 
( 

*Nat. Bur. of Stand. Circular No. C-461 (U. S. Government 
Printing Office, Washington, D. C., November, 1947). 














140° 220° 320° 
n-octane 4.5 2.9 3.6 
3,4-dimethylhexane 1.6 0.1 0.4 
n-hexane 8.9 16.8 14.1 
n-pentane 4.0 0.9 2.3 
butene-1 — 4,2 1.9 
n-butane 54.4 42.2 32.4 
propane — 1.6 4.1 
propene _— 2.0 4.4 
ethane 7.7 6.4 9.2 
ethene 15.0 9.4 12.9 
acetylene 0.4 1.0 2.3 
methane 1.8 4.7 5.4 
hydrogen 3.8 7.0 4.9 








Since the reverse reactions probably have low activation 
energies,’ the activation energies for decomposition of 
these radicals into an olefin and a smaller radical would 
all appear to be around 35 kcal. Such values are in 
accord with the results of the present experiments. 


E. Polymerization Reactions 


In all of the above reactions a considerable fraction 
of the final product was a polymer of undetermined 
composition. The extent of polymerization varied from 
45 to 65 percent of the total olefin consumption. In 
previous work with propene, about 40 percent of the 
olefin went to polymer. In contrast with these results 
is the slight polymerization of ethylene reported by 
LeRoy and Kahn® under similar reaction conditions. 

If any appreciable fraction of the octanes formed 
from the butene hydrogenations arises from chain 
breaking steps in a polymerization, 


C,H »+ C,Hs= CsHi7 
C3Hi7+H= CsHis 
2C3Hi7= CsgHis+ CsHie, 


one must conclude that butyl radicals add to olefins at 
the position of highest electron density. The radical 
acts like an electron-deficient compound. The pre- 
dominant radical addition is at the opposite end of the 
double bond from the predominant hydrogen atom 
addition. 
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A set of six equivalent orthogonal bond orbitals of type s"p't?"d>"—" are considered. The fact that these 
are of trigonal prism symmetry is pointed out. Calculations were made of the bond strengths and angles at 
various values of m with n set equal to one and at various values of m with m set equal to zero. 





HE method of directed valence bonds has been 

employed'~ in discussing hexacovalent structurés 
possessing equivalent cylindrical bonds. Two structures 
were found, the octahedral structure and the trigonal 
prism structure. However, the trigonal prism structure 
is observed when 1s, 1p, and 4d orbitals are readily 
available for bond formation. The structure discussed 
by Hultgren employed 17/18s, 7/3, and 49/18d 
orbitals. It seems of interest to consider more general 
hexacovalent orbitals. 

In this paper some calculations are reported on a set 
of orbitals which yields the trigonal prism configuration. 
The set is formed by spd hybridization. 

Differences in the radial parts of the s, p, and d wave 
functions are neglected. Then the angular parts, nor- 





malized to 47, are given by the equations 
s=1, (1) 


p:=V3 sin cos¢, ( 
py=V3 siné sing, (3) 
p-=V3 cos8, (4) 
d.=[(5)!/2(3 cos’e—1), (5) 
dry=[(15)*/2 | sin?@ cos2¢, (6) 
dz4,=[.(15)'/2 ] sin’@ sin2¢, (7) 
dz,.= (15)! sin@ cos@ cos¢, (8) 

and 

dy4.2= (15)' sin cosé@ sing, (9) 


where 6 and ¢ are the angles used in polar coordinates. 
The following functions are formed: 


¥i= {[1/(6)*] cosa}s+[1/(6)!]p.+[(1/v3) cosB]p.+ {[1/(6)*] sina}d.+[(1/v3) sinB }d.,+ (1/V3)de+2, (10) 


¥2= {[1/(6)*] cosa}s+[1/(6)"]p.—[(1/2v3) cosB]p.+[ (1/2) cosB]p,+ {[1/(6)*] sina} d, . 
—[(1/2v3) sin@]d,,—[(1/2) sin Jdz4,—(1/2V3)dr4-+(1/2)dy+2, (11) 


¥3= {[1/(6)*] cosa}s+[1/(6)*]p.—[(1/2v3) cosB]p.—[(1/2) cosB]p,+ {[1/(6)*] sina} d, 
—[(1/2v3) sin6 ]d,,+[(1/2) sinB Jdz4y—(1/2V3)de+2—(1/2)dy42, (12) 


¥4= {L1/(6)*] cosa}s—[1/(6)!]p.+[(1/v3) cosB]p.+ {[1/(6)!] sina}d.+[(1/v3) sinB Jd.y— (1/V3)dr+2, (13) 


s= {L1/(6)*] cosa} s—[1/(6)!]p.—[(1/2v3) cosB ]p.+[ (1/2) cosB]p,+ {[1/(6)*] sina}d, . 
—[(1/2v3) sinB]d,,—[(1/2) sinB Jdz4+ (1/2V3)der2—(1/2)dy42, (14) 


s= {[1/(6)!] cosa} s—[1/(6)!]p.—[(1/2V3) cos8]p.—[(1/2) cos8]py+ {[1/(6)#] sina}d,_ 
—[(1/2v3) sin8 }da,+[(1/2) sinB dst (1/2V3)de2+(1/2)dy42. (15) 


These functions represent six equivalent orthogonal 
bond orbitals of type s"p'+?"d5-"—" where 


n= Cos"a 


(16) 


(17) 
the functions reduce to the functions given by Hultgren*® 
for equivalent, cylindrical, regular‘ trigonal prism 
orbitals when cosa= (34)!/6 and cos6=v2/v3. Changing 
a and 8 from the values obtained from these equations 


and 
m= cos’p. 


1L. Pauling, The Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New York, 1940). 

2L. Pauling, J. Am. Chem. Soc. 53, 1367 (1931). 

*R. Hultgren, Phys. Rev. 40, 891 (1932). 

‘A regular trigonal prism is a right prism whose bases are 
equilateral triangles. 
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makes the bonds non-cylindrical but it does not destroy 
the trigonal prism symmetry. 

In each case the axis of the regular trigonal prism 
coincides with the Z axis. Let the numbering of the 
bonds be the same as the numbering of the y;. Thus 
bond one is described by ¥1. Bonds one, two, and three 
lead to atoms in one base of the regular trigonal prism. 
Bonds four, five, and six lead to the corresponding 
atoms in the other base. 

Three orbital functions orthogonal to ~1, Po, - «We cal 
be set up as follows: 


¥7= (sina)s— (cosa)d., (18) 
Ys= (sin) p.— (cosB)dzy, (19) 
Yo= (sin8) py+ (cosB)dz+y. (20) 
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TABLE I. Results of calculations on trigonal prism orbitals 
of type sp! t?mds-2m, 
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TABLE II. Results of calculations on trigonal prism orbitals 
of type s*pd5—". 








6:1, Angle between 


5S, 
m Strength of a bond axis and bond 1 


6:1, Angle between 


a 
n Strength of a bond axis and bond 1 





1.0000 2.737 47° 5’ 
0.9800 2.817 48° 36’ 
0.9000 2.898 50° 17’ 
0.8000 2.944 51° 23’ 
0.5575 2.979 52° 50’ 
0.3000 2.943 53° 29’ 
0.2000 2.904 53° 30’ 
0.1000 2.838 53° 18’ 
0.0200 2.727 52° 40’ 
0.0000 2.623 51° 52’ 


1.0000 2.623 51° 52’ 
0.9800 2.631 49° 47’ 
0.9600 2.634 48° 54’ 
0.9000 2.640 47° 7’ 
0.8000 2.644 45° 4’ 
0.7094 2.645 43° 37’ 
0.3000 2.620 38° 55’ 
0.2000 2.601 38° 1’ 
0.1000 2.569 37° 12’ 
0.0000 2.462 36° 25’ 








In the calculations reported in Table I was set equal 
to one. A value was assigned to m. Then 4, the angle 
between the axis and bond one, was determined by 
finding the vsition of the maximum in y. The corre- 
sponding value of ¥ gave the strength of the bond, S. In 
the calculations reported in Table II m was set equal to 
zero. Then 6; and S were determined as before. 

The strongest bonds when m equals one occur when m 
equals 0.5575. These bonds have a strength equal to 
2.979. This is only slightly smaller than the value 2.982 
reported by Hultgren*® for cylindrical trigonal prism 
orbitals. The strongest bonds when m equals zero occur 
when 2 equals 0.7094. These bonds have a strength 
equal to 2.645. 

It is evident that the bond angles change somewhat as 
the composition of the bonds is altered. Thus one may 
obtain some information about the composition of the 
bonds from the observed bond angles. 





As an example consider the MoS: crystal. The sulfur 
atoms are arranged in the form of trigonal prisms" ® 
about the molybdenum atoms. If the unshared pair 
outside the core of a molybdenum atom is put into a d 
orbital, then is, 1p, and 4d orbitals are available for 
bond formation. Hence one might expect the trigonal 
prism structure to be assumed with the angle between 
bond one and the axis equal to 51°52’. However, 
stronger bonds may be fornied if m does not equal zero 
(more of the unstable » orbitals used for shared pairs) 
and if m does not equal one. The unsharéd pair may go 
into the orbital described by ¥7. The actual composition 
used may be estimated following the method of Kuhn.*® 
That such bonds are formed is indicated by the fact that 
the observed'*® angle between bond one and the axis 
is 49°, 

5 R. G. Dickinson and L. Pauling, J. Am. Chem. Soc. 45, 1466 


(1923). 
6H. Kuhn, J. Chem. Phys. 16, 727 (1948). 
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A theory is developed for the ionization of polymeric acids and bases. Using the theory it is possible to 
calculate the pH and equivalent conductances of aqueous polymeric electrolyte solutions as functions of 
concentration. A general formula is derived for ionization constants of acids and bases of any basicity. A 
graphical comparison of calculated and measured equivalent conductances confirms the essential features of 
the theory. It is also shown indirectly that the conductance of a polymeric acid is due almost entirely to the 


hydrogen ions. 





HE ionization of a simple electrolyte, such as an 
ordinary acid, base or salt, is fairly well under- 
stood from a thermodynamic point of view. Moreover 
the equilibria involved in the ionization of many weak 
electrolytes have been investigated quite thoroughly, 
During recent years, however, there has been an in. 
creasing interest in polymeric substances of all varieties, 
so it is natural to examine the electrolytic properties of 
such substances. The work here reported is concerned 
with the behavior of certain “weak” polymeric elec- 
trolytes both theoretically and experimentally. Fuoss 
and Strauss? have recently investigated a number of 
polymeric electrolytes which would be “strong” electro- 
lytes for very low degrees of polymerization. 

There are a number of long chain polymeric acids and 
bases available for study. One of the simplest of these is 
polyacrylic acid which can be considered a long chain 
paraffin hydrocarbon with carboxyl substituents on 
alternate carbon atoms. Another polymeric acid, which 
can be readily made, is the hydrolyzed copolymer of 
maleic anhydride and styrene. This polymer is sub- 
stantially a long chain made up of alternating maleic 
acid and styrene units. Recently Reynolds and Kenyon? 
prepared a polymeric base, namely, polyvinyl amine, 
which is structurally like polyacrylic acid except that 
amino groups take the places of the carboxyls. 

There will be developed below a statistical theory for 
the ionization of polymeric electrolytes which should be 
valid for either acids or bases, but not for mixed types. 
The model is essentially that assumed by Cohn and 
Edsall,* but the method by which the theory is derived 
has certain unique features. This theory will be com- 
pared with experimental results reported by Kern® on 
polyacrylic acid and on electrical conductance measure- 
ments which we have carried out on the hydrolyzed 

* This work was carried out in part under sponsorship of the 
Office of Rubber Reserve, Reconstruction Finance Corporation, in 
connection with the Government Synthetic Rubber Program (first 
reported in October, 1947). 

1 Present address: Department of Chemistry, Harvard Uni- 
versity, Cambridge 38, Massachusetts. 

(1948) M. Fuoss and U. P. Strauss, J. Polymer Sci. 3, 246, 602 
aoe D. Reynolds and W. D. Kenyon, J. Am. Chem. Soc. 69, 911 
‘ “4 J. Cohn and J. T. Edsall, Proteins, Amino Acids and Peptides 


(Reinhold Publishing Corporation, New York, 1943). 
° W, Kern, Zeits. f. physik. Chemie A181, 249, 283 (1935-36). 
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copolymer of maleic anhydride and styrene. Although 
the data available up to the present time are not very 
extensive, they appear to justify the essential features of 
the theory. 


THEORY 


The model which we shall assume for making our 
calculations is as follows. The polymeric electrolyte 
(assumed to be an acid for convenience) is supposed to 
be of uniform basicity, containing s carboxy] groups per 
molecule. Although the different carboxyl groups in a 
given molecule are distinguishable from each other, they 
will be considered equivalent from an energetic point of 
view. In other words, the ionization tendency of a given 
carboxyl group in a certain molecule will be assumed to 
depend only upon the net charge on the molecule and 
not upon the particular location of the carboxyl group 
under consideration. This assumption has only a limited 
validity and further refinements in the theory will have 
to take account of this limitation. 

Suppose that an aqueous solution of this s basic acid 
contains N molecules. Let there be ; ions with 1 
unionized hydrogens, and hence possessing s—i negative 
charges. Furthermore, let there be B unionized carboxy! 
groups in all, thus implying the presence of Ns—B 
hydrogen ions in solution. Let us further denote the 
energy associated with each of the m; ions in the specified 
class as ¢;. Then evidently 


N=> ni, (1) 
B=>- in; (2) 
and i 
E=), NE; (9) 


where E is the energy of the system under consideration. 
Our statistical problem now involves the calculation of 
the entropy of the protons in the system. In effect we 
have N large boxes, each made up of s sub-boxes, among 
which we can distribute B protons subject to the condi- 


tion that no sub-box can contain more than one proton. | 


Assuming the protons to be indistinguishable, but the 
polymer molecules distinguishable, the number of ways 
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a given statistical state can be realized is given by 


N! s! ni 
IT le aal ; (4) 


The first factor above is the number of ways we can 
choose our polymer molecules, specifying how many 
protons are present in each molecule but not specifying 
the manner in which the protons are distributed in a 
given molecule. The second factor is the product of 
terms each indicating the number of ways 7 protons can 
be distributed among the s sub-boxes of a given molecule. 

The most probable distribution can be determined by 
setting the variation of InW equal to zero, subject to the 
conditions of constraint expressed by Eqs. (1), (2), and 
(3). Making use of Stirling’s approximation for the 
logarithm of a factorial quantity and taking the varia- 
tion of InW, considering all of the ,’s as capable of 
undergoing variations, we find that 


W= 











s! 
6 InW=>-} —Inv,;+1n 5n;=0. (5) 
i (s—i) !i! 
Also 
5N=)>. 6n;=0, (6) 
5B=)>- ién;=0, (7) 
b5E=>— €,6n;=0. (8) 


Introducing Lagrangian multipliers \, wu, and v in con- 
junction with Eqs. (6), (7), and (8) respectively, then 
combining the equations, and setting the coefficient of 
each of the variations, 6;, equal to zero, we obtain the 
following : 


s! 
—Inz,;+l1n 





——)—iv—pe;=0 (9) 
(s—i) li! 
or 
s! 





Nj — exp(—A—iv— pe). (10) 


(s—2) li! 


Evidently u is equal to 1/kT and 2 can be eliminated by 
dividing m; by N and making use of Eq. (1). There re- 
mains, however, the problem of determining the signifi- 
cance of »v, which can be done as follows. Letting the 
entropy, S, equal & InWmax, we have 


S= k InW max= k InN !+k ys ni(A+iv+ pe; + 1) 


=kilnN!+Nk\+kvB+kyE+Nk. (11) 
It is apparent that the term, & InN'!, occurs because we 
assumed distinguishability of polymer molecules. Its 
presence is immaterial in our problem, however, since we 
are concerned only with the entropy of protons and not 
with that of the polymer molecules, Taking the differ- 
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ential of S, keeping N constant, we obtain 


dS = Nkd\+kBdv+kEdut+kvdB+kydE. (12) 
But from Eqs. (1) and (10) we find that 
dN = — Nd\— Bdv— Edu=0. (13) 
Hence, combining (13) with (12) it is seen that 
dS = kvdB+ kyudE. (14) 


Equation (14) verifies our previous surmise that 
p=1/kT since (0S/dE)y,2=1/T. The new fact which 
we establish is that 


kv=(0S/dB)y, x. (15) 


But from thermodynamics, we know that the chemical 
potential of the protons, uz, is given by 


wui=—T(0S/0B)n, 2 (16) 


since B is the number of unionized protons distributed in 
our system. Hence 


v= —(un/kT). (17) 


But at ionization equilibrium, the chemical potential of 
the protons associated with the polymer in unionized 
form must equal the chemical potential of the protons in 
the solution, so 


ba= pa +kT Inf H+ |= —kTv (18) 


where yz” is a standard chemical potential. Therefore, 


seas —(uy°/kT)—In[l At | (19) 


or 

exp(—v)=C, [At] 
where (20) 
Ci=exp(un/kT). 


Obviously » is a linear function of the pH of the solution. 

Before proceeding further it is necessary to say some- 
thing about the energies (€;) associated with the different 
ions. Consider the s possible ionization steps, each sup- 
posed to involve a characteristic energy of ionization as 
follows: 


H,A = Ht*++ 34°: AF, 
H.iA-= At+ H,-2A= ; AF), 


(21) 


HA®»)-= Ht+A*; AE,. 

Let us now assume that each ionization energy is the 
sum of two terms: first, an energy term associated with 
the removal of a proton from a carboxyl group, irre- 
spective of its environment; and second, an energy term 
proportional to the charge resulting from previous 
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TABLE I. 
pH pH 
Equivalent Specific calculated measured 
concentration conductance Equivalent from by 
c K X10¢ conductance conductance meter 
9.021 10 4.803 53.24 2.86 2.75 
3.609 10 2.624 72.71 K1Z 3.06 
1.443 102 1.390 96.3 3.40 3.37 
5.774X 10-3 0.7167 124.1 3.69 3.69 
2.309 10-3 0.3588 155.4 3.99 4.00 
9.238 10-4 0.1719 186.1 4.31 4.31 
3.695 X 10-4 0.0775 209.7 4.65 4.65 
1.487 10-4 0.0322 rin 5.03 5.01 
ionizations. On this basis we can write 
AE\= a, 
AE, = a+ b, 
AE; => a+ 2b, 
(22) 


AE;=a+(i-—1)d, 


AE,=a+(s—1)b, 


where a is the inherent ionization energy of a carboxy] 
group and 0 is the energy necessary to pull the proton 
away from a singly charged ion. It is with respect to the 
second io..ization term, 6, that the theory takes on an 
approximate form. If the polymer molecules and ions 
can be considered coiled into spheres of fixed radius, 
then the term (¢— 1)d in AE; would be quite accurate, at 
least statistically. However, if the shape of the molecule 
depends upon the charge—and that is most likely the 
case—then expressions (22) can be considered a first 
approximation only. Kuhn, Kiinzle, and Katchalsky® 
recently investigated the effect of charge on ion size. 

Let us now examine the relationship between the 
ionization energies and the energies of the ions. Looking 
at (21) it follows that 


AE {= €.-i— €s—i41 + €n (23) 


where €y is the energy of the hydrogen ion in solution, 
€s-i+1 1S the energy of an ion with s—i+1 protons 
attached, and e,_; that of an ion with s—i protons. Then 
from (22) and (23) 


k 
> AE = 6 1— es then 
i=1 


=ka+((k—1)k/2)b. (24) 
Therefore 


Esk = ka+ ((R—- 1)k/2)b+ €,— kez. 
Before introducing the above expression for ¢€,_; into 
Eq. (10), it is convenient to define some new quantities, 


6 Kuhn, Kiinzle, and Katchalsky, Helv. Chim. Acta 31, 1994 
(1948). 


(25) 
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the use of which will simplify the final expressions. These 
new quantities and their definitions are 


X =exp(v—a/kT+€x/kT) (26) 
and 
Y=exp(—)/kT). (27) 
Combining Eqs. (26) and (19) we obtain 
X=K,/( Ht] (28) 
where 
kT InKo= — py’—at+ €7]. (29) 


For reasons which will appear later, we shall call Ko the 
“inherent ionization constant” of the polymer acid. 
Rewriting Eq. (10), replacing 7 with s—i, and then 
combining Eq. (10) with Eqs. (25), (26), and (27), we 
find that | 
s! 


(s—i!)i! 


where C2 is determined by use of Eq. (1). 
The 7’th ionization constant of the acid can now be 
readily calculated. Evidently 


%eiz= Ce Xt te viz (30) 





[H+ |ne_; 
K;=————_ 
Ns—i+1 
[H+ ](s—i+1) 
= re*z 
t 
s—i+1 
mere aie (31) 


7 


If s=1 (indicating a monobasic acid) then the ionization 
constant of that acid is just Ko. In general K1;=sKo, the 
factor s appearing because of the s different hydrogens 
that can be initially ionized. From probability con- 
siderations alone, Maxwell and Partington’ derived 
Eq. (31) without the factor Y*. That factor appears 
here because of the different energies of ionization that 
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Fic. 1. Equivalent conductance vs. concentration for hydrolyzed 
copolymer of maleic anhydride and styrene. 








7W. R. Maxwell and J. R. Partington, Trans. Faraday Soc. 31, 
922 (1935). 
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are involved. Bjerrum® considered the different energies 
for dibasic and tribasic acids, but he did not derive a 
general expression for acids of higher basicity. Cohn and 
Edsall* derived an expression for K; substantially 
equivalent to that reported here. However, our theory 
can be readily modified to allow the calculation of the 
dissociation constants of acids whose groups are not 
energetically equivalent. 

If c is the concentration of the acid in equivalents per 
liter, it is seen that the over-all degree of dissociation, a, 
is given by 





[H+] Ns—B > ing: 














a (32) 
Cc Ns Ns 
Making use of Eq. (30) it appears that 
[H*] 
‘ 
(s—1)(s—2) 
£+@-D2°7 + - X3y34... 
= 7 . (33) 
s(s—1) s(s—1)(s—2) 
eae —____—— Ysy%4.... 
2! 3! 


Solving for c and noting that X= Ky/[H*], it follows 
that 
s(s—1) ) 


14+-sX¥+—__X°Y+--- 
2! 
c= Ky. —\_ (34) 
(s—1)(s—2) 
X2+(s—1)X8V+ X4V3+... 

















\ 


Equation (34) is useful for computational purposes, 
since it enables one to calculate the value of c which 
would correspond to a specified hydrogen ion concen- 
tration, assuming that s, Ko, and Y are known. From a 
table or graph of such values, the hydrogen ion concen- 
tration corresponding to a given equivalent concentra- 
tion of the acid can then be found by interpolation. 

The expression for a given by Eq. (33) can be readily 
put into a closed form. Upon examination of the sum of 
the ratios 1;/n, it is seen that 

Ni s(s—1) 
> —=1+sX-+- 


Ns 2! 





X*V¥+->>. (35) 


This sum is the denominator of Eq. (33). It will further 
be noted by algebraic manipulation that 


nN; 








dln>> — 
X Ns X 0 Inn; 
Qe — = —— ——_. (36) 
s OX s OX 
Equation (36) can evidently be written 
—1 dlnn, 
a= ; (37) 
2.303s dpH 


8 N. Bjerrum,jZeits. f.{physik. Chemie 106, 219 (1923). 
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It is interesting to note what happens if Y=1, under 
which circumstances the electrostatic contribution to 
the ionization energy would be zero. In this instance it 
can be seen that 


[Ht 


anne Ke (38) 
c—([ Ht] 

which is precisely the same as the equation describing 
the ionization of a monobasic acid of concentration c. In 
other words, if Y=1, the ionization equilibria would be 
independent of intramolecular energy effects, and the 
system would act as if all the carboxyls were in separate 
molecules. It is for this reason that Ko is given the name 
“inherent ionization constant.” 


EXPERIMENTAL 


Experimental measurements were made in this labo- 
ratory on the hydrolyzed copolymer of maleic anhydride 
and styrene. This co-polymer was prepared by dissolving 
equimolar quantities of maleic anhydride and styrene in 
a 2 percent solution of benzoyl peroxide in xylene and 
allowing the mixture to react at 45°C. After the reaction 
was complete, the co-polymer was multiply extracted 
with xylene to remove low molecular weight materials 
and then dried under vacuum. The co-polymer was 
hydrolyzed by keeping-it in contact with conductivity 
water at 80°C for about five hours. 

Conductance data were obtained on aqueous solutions 
of the co-polymer using an alternating current wheat- 
stone bridge of the type built and analyzed by Jones and 
Josephs.® A student-type conductance cell was used, its 
constant being 1.065+0.001 cm. The pH measure- 
ments were also made on the solutions using a Beckman 
pH meter. Results of the measurements together with a 
discussion appear in the next section. 
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Fic. 2. Equivalent conductance vs. concentration for 
polyacrylic acid (Kern, reference 5). 


9G. Jones and R. C. Josephs, J. Am. Chem. Soc. 50, 1049 
(1928). 
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Fic. 3. Plot of 1/A vs. AcY for hydrolyzed copolymer of maleic 
anhydride and styrene. 


RESULTS AND DISCUSSION 


Equivalent conductance values for aqueous polymer 
solutions are readily calculated from the measured 
specific conductances (corrected for solvent). As a first 
approximation, the degree of dissociation, a, is given by 
the ratio of the equivalent conductance, A, to the 
equivalent conductance at infinite dilution, Ao. Because 
a polymeric acid is exceedingly weak as far as over-all 
ionization is concerned, Ap cannot be obtained by ex- 
trapolation of measured values. However, it is reason- 
able to assume that most of the conductance is due to 
the hydrogen ions, since the mobility of a polymeric 
anion should be very small.f Hence we will suppose that 
Ao is equal to the limiting equivalent conductance of 
hydrogen ions. 

It follows from the preceeding arguments and as- 
sumptions that a conductance measurement on a 
polymeric acid is substantially equivalent to a measure- 
ment of the hydrogen ion concentration, since the 
hydrogen ion concentration can readily be calculated by 
use of the equation 


[H+]=(1000K/ Av) (39) 


where K is the specific conductance. This hydrogen ion 
concentration can then be compared with that measured 
directly by a pH meter. 

The experimental results on the maleic acid-styrene 
co-polymer appear in Table I. In calculating pH values 
from the measured conductances, it was further as- 
sumed that the concentrations equal the activities. 

It will be observed that except for the two most 
concentrated solutions, the agreement between the cal- 
culated and observed pH values is excellent. Actually 
the agreement is better than might be expected con- 
sidering the approximations involved in the calculations. 
However, the results do support the assumption that the 
conductance of a polymeric acid is due almost entirely to 
the ionized hydrogens alone and that the anion con- 
tribution is negligible. 


COMPARISON OF EXPERIMENT WITH THEORY 


Assuming that conductance measurements do measure 
hydrogen ion concentrations according to Eq. (39), it 


f Other experiments in this laboratory have confirmed this 
assumption. 


AND EDWARD H. DEBUTTS, JR. 








































































Fic. 4. Plot of 1/A vs. Ac¥ for polyacrylic acid (Kern‘). 


should be possible to test the statistical theory outlined 
earlier. The basicity, s, of the acid used was taken to be 
100, a value not unreasonable in light of other measure- 
ments made in this laboratory. Actually as long as s is 
sufficiently large, the results are not very sensitive to 
moderate variations in its value. 

Ky and Y were determined by a method of trial and 
error involving successive approximations. Graphical 
methods were found particularly useful in this con- 
nection. When the plot of A vs. c calculated from theory 
was found to agree with that obtained from experiment, 
it was supposed that the correct pair of values for Ky 
and Y had been obtained. 

For the copolymeric acid referred to above, it was 
found that Ko, the inherent ionization constant, equals 
1.6X10~* and Y equals 0.5. Decreasing the value of Ko 
and increasing Y would not seriously affect the agree- 
ment with experiment, so it is quite possible that K» is 
really smaller and Y larger than indicated above. A plot 
of A vs. c showing experimental and theoretical points is 
given in Fig. 1. Although the agreement appears to be 
excellent, it must be remembered that three parameters 
were involved, namely: s, Ko, and Y, although s was not 
adjusted as arbitrarily as the other two. 

Similar calculations were made on data furnished by 
Kern on two samples of polyacrylic acid. Kern reported 
results on acids for which s=340 and s=900. Using his 
values for the basicity and assuming further that Ko is 
the same for both acids, calculations of Ky and the two 
Y values were made with results indicated in Fig. 2. Ko 
was found to be 5.3210-°, Y for the smaller acid was 
0.76, and Y for the larger was 0.92. The relative order of 
values for Y is to be expected, since the term 6 in Eq. 
(27) should diminish with increasing anion radius, thus 
giving a larger Y value for the larger molecule. 

An empirical relationship of some interest was also 
found for A as a function of c. Plotting 1/A vs. Ac’ gave 
straight lines valid at all but the lowest concentrations. 
There is no simple theoretical explanation for this; in 
fact, the theory departs markedly from the empirical 
relationship for very dilute solutions. Accordingly, 
linear plots of 1/A vs. AcY¥ should not be used for 
extrapolations to infinite dilution to obtain Ao values 
since no theoretical coherence could be obtained by 
such a procedure. Figures 3 and 4 show graphs of this 


type. 
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Thermodynamic Properties of the Surface of 
Magnesium Oxide 
GEORGE JURA 


Department of Chemistry, University of California, Berkeley, California 
October 18, 1949 


ARKS and Kelley! measured the heat capacity of large 
crystals of magnesium oxide, while Giauque and Archibald? 
measured what is apparently a very fine crystalline form of the 
same solid. Giauque believes that their solid was so fine as to be 
colloidal. From a comparison of these two results it is possible to 
obtain an approximate idea of all of the surface thermodynamic 
properties (free surface energy, entropy, and total surface energy) 
from 0°K to room temperature. Unfortunately the sample of the 
oxide used by Giauque and Archibald is no longer available. Thus 
it is impossible to give exact values for these surface thermody- 
namic properties. However, even with the uncertainty introduced 
by the lack of an area for the solid under consideration, a better 
idea of the thermodynamic properties of the surfaces of solids is 
obtainable than heretofore possible. 
The entropy of the surface approaches zero as the temperature 
approaches 0°K.* Thus at any temperature the entropy per unit 


area, S, is 
i pri 
s=5 - paCeaT, 


where is the area of the fine solid under consideration and AC, 
is the difference in heat capacities of the fine and coarse powder. 
The heat content of the surface, , at a temperature 7; is 


hy hit Sf "8 AC AT, 


where /; is the value of the heat content at 7:°K, etc. 4; can be 
obtained from the difference in the heats of solution of the fine and 
coarse powders. 

For this sample of magnesium oxide the difference is 888 cal. 
mole.’ If the surface energy of 1360 ergs cm? for the 100 plane of 
MgO computed by Lennard-Jones and Taylor‘ is correct, and it is 
assumed that the crystals used in the experiments of Giauque and 
Archibald exhibit only the 100 face, the area the oxide used by 
these workers is approximately 67 m* g™. This area figure is in ac- 
cord with the reported areas of magnesium oxide which range from 
10 to somewhat over 100 m? g™. Because of the uncertainty in the 
area of the sample of oxide used by Giauque and Archibald, the 
computed values for the surface properties are uncertain. The 
value actually used for these computations is 50 m? g™. The re- 
_ values of the total and free surface energy are exhibited in 

ig. 1. 

The features of interest are the increase in both free and total 
surface energy. The above show that there is a feasible experi- 
mental method for the determination of the free surface energy or 
the surface tension of a solid. Also, there is experimental evidence 
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Fic. 1. The free surface energy, y, and total surface energy, of magnesium 
oxide. The values are based on a computed value at 0°K of 1360 ergs cm~ 
and an area of 50 m? g™ for the sample of the oxide used by Giauque and 
Archibald. 


that the computed surface energies of ionic solids at 0°K are not in 
any way comparable with the measured values of the liquids at 
high temperatures since there is an increase in the surface energy of 
the solid with increase in temperature. This increase is due to the 
fact that the presence of the surface increases the “characteristic 
temperature” of the solid. The above follows from a consideration 
of the vibration frequencies. Rodebush has discussed this point on 
the application of an Einstein model to a supposed lattice structure 
of liquids. 

1G. S. Parks and K. K. Kelley, J. Phys. Chem. 30, 47 (1926). 

2W. F. Giauque and R. C. Archibald, J. Am. Chem. Soc. 59, 561 (1937). 

3W. F. Giauque, J. Am. Chem. Soc. 71, 3192 (1945). 


4 J. E. Lennard-Jones and P. A. Taylor, Proc. Roy. Soc. 109, 476 (1925). 
5 W. H. Rodebush, J. Chem. Phys. 9, 284 (1941). 





On the Quasi-Chemical Theory of Order 


Yi1n-YUAN LI 
Department of Physics, University of Illinois, Urbana, Illinois 
October 13, 1949 


ELOW Ed. (8) of my paper “Quasi-chemical theory of order 

for the copper gold alloy system,” the statement “y;=y 
for all \ and 7, when 6,=62=---=6”’ is true for the cases mostly 
used in practical calculations but mot in general. By investigating 
Eqs. (4) and (5) of reference 1 we can only draw the conclusion 
that the paramenters of geometrically equivalent sites are equal 
when 6,=86. For the sake of simplicity in calculating work the 
group is usually chosen in such a manner that most sites in the 
group are geometrically equivalent. For example, in the tetra- 
hedron group taken in reference 1 all the four sites are equivalent 
and therefore wi=yw (i=1, ---, 4) when 6,=8@. A different ex- 
ample is the group taken from a body-centered cubic alloy and 
containing a central site with its eight nearest neighbors and six 





Fic. 1. A local group taken from a body-centered lattice containing a 
center site, denoted by © in the figure, its first shell sites, @'s, and 6 sites, 
O’s, from the second shell. Solid lines stand for the nearest interactions and 
dotted lines for the lattice frame. 
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from the next nearest ones.? It has not only one but three sets of 
equivalent sites; hence even in disordered states we must take 
care of three parameters for the 15 sites, i.e., wi for the central 
site, we for each of its first shell sites and us for each of the six sites 
taken from second shell (see Fig. 1.) 

It is still quite easy to prove that the disordered distribution is 
always a solution of 


2 oy J Inuyi—ra(D In(0,/1— 6x) —C) =0. 
(h) 


We see that when 6,=@ the parameter of the ith site has the 
same value no matter to which sublattice it belongs, i.e., ui= ni 
(A=1, ---, 2). It follows that 

Do Z Inwi=Z ey Z Inpi=rn Z Ini, 

A A) A) i 
when @,=@. Therefore the m equations of the above set reduce to 


the equation 
z Inui—D In(@/1—0) + C=0. 


The latter can always be satisfied because of the arbitrariness of C. 


1Y-Y Li, J. Chem. Phys. 17, 447 (1949). : 
2 Some results of an approximation using this group have been published in 
the article by Y-Y Li, Phys. Rev. 76, 972 (1949). 





Spectral Changes of Dyes in Colloidal Solutions of 
Hydrous Oxides 


BENJAMIN CARROLL AND ARTHUR W. THOMAS 


Newark Colleges of Rutgers University and Columbia University, 
Newark, New Jersey 


October 10, 1949 


ECENT publications have shown that dyes which do not 
follow Beer’s law will exhibit spectral changes when mixed 
with colloidal solutions. This effect is attributable to the existence 
of an equilibrium between two or more forms of the dye, one of 
which is preferentially adsorbed by the micelles." ? It appears to be 
generally accepted that dyes that follow Beer’s law exhibit only 
slight spectral change in colloidal solutions although it has been 
shown that native albumin forms complexes with simple dye 
anions.® 

We have obtained some results with dyes that follow Beer’s law 
which indicate that single dye ions that are bound by hydrous 
oxides show a spectral absorption curve distinctly different from 
that of the free ion. The addition of salts causes the displacement 
of the bound dye and the absorption spectrum is shifted back 
toward that of the free dye ion. 

The spectral change of Orange I caused by colloidal hydrous 
alumina is shown in Fig. 1. The molar extinction coefficient at 
475 mu shows a decrease of about 40 percent in the presence of the 
hydrous oxide and the absorption maximum is shifted some 30 my 
toward the violet. The displacing ability and hence the affinity for 
competing anions to form complexes with the hydrous alumina 
may be measured by the extent of the reversal of the absorption 
spectrum towards that for the free dye. In the case of sulphate 
ions, complete displacement of the dye was observed when the total 
concentration of sulphate was comparable to that for dye. 

When dye and sol are mixed, the greater part of the spectral 
change takes place within a few minutes. This rapid process is 
followed by a slow uptake of the dye by the colloidal particle sug- 
gesting penetration of the micelles by the dye ions. About ten to 
twenty hours were required to reach the equilibrium values given 
in the figure. 

That the sorbed dye ions on the surface are in mobile equilibrium 
with the ions in the bulk of the solution is shown by the rapid re- 
sponse of the colloidal solution to temperature changes. An in- 
crease of a few degrees caused an increase of several percent in the 
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Fic. 1. Molar Extinction Coefficient of 2.0 X10-5M Orange I. (A) Dye and 
acetate buffer at pH 4.0. (B) Dye and colloidal solution of hydrous alumina 
peptized by HCl. pH 3.9; AlsOs content 0.880 g/liter. (C) Same as (B) in 
presence of 0.01M KCl. (D) Same as (B) in presence of 0.01M KAc. Addi- 
tion of 0.01M K2SOx to (B) gave curve identical with (A). 


optical density, indicating a desorption process. Bringing the 
colloidal solution back to its original temperature brought the 
optical density back to its former value within a few minutes. 

In the case of dyes which do not follow Beer’s law, the gradual 
changes in the intensity, position and shape of absorption bands 
generally indicate an increase in the proportions of the polymeric 
form of the dye. This is brought on by the colloidal particles com- 
bining with the polymeric dye molecules as a result of electrostatic 
and van der Waals forces. The spectral changes which we have 
observed with simple dye anions in the presence of hydrous oxides, 
however, is consistent with the postulate of chemical bonding as 
suggested previously by one of us.* 

The use of suitable dye ions to study changes in colloidal solu- 
tions of hydrous oxides offers several advantages over the usual 
procedure employing e.m.f. measurements. It should be noted that 
a “suitable dye ion” is one whose spectral characteristics are not 
altered by the salt and pH changes involved in a particular in- 
vestigation. Some of these advantages are the following: 

1. Increase in sensitivity of detecting changes. For example, the 
colloidal solution whose effect on Orange I is given in Fig. 1, 
showed a change of about a 0.1 of a pH unit upon the addition of 
the salts, whereas, the optical density of the system was altered 
considerably. 

2. It should be possible to investigate readily those systems 
whose dispersed particles are not quite large enough to be con- 
sidered micellar, and yet are outside the crystalloidal range. 

3. Several methods are available for determining the extinction 
coefficient for the sorbed dye ions, thus making it possible to ex- 
press quantitatively the exchange processes that occur in colloidal 
solutions in terms of number of molecules. 


1 Merrill and Spencer, J. Am. Chem. Soc. 70, 3683 (1948). ee 

2 Michaelis and Granick, J. Am. Chem. Soc. 67, 1212 (1945); also see S. E. 
Sheppard and A. L. Geddes, J. Chem. Phys. 13, 63 (1945). 

3 Klotz, Triwush, and Walker, J. Am. Chem. Soc. 70, 2935 (1948). 

43A. W.S. Thomas, Colloid Chemistry (McGraw-Hill Book Company, Inc., 
New York, 1934). 
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LETTERS TO 


The Mechanism of Oxidation of Ferrous Sulfate by 
y-Rays in Aerated Water 
F. H. KRENz AND H. A. DEWHURST 


National Research Council, Chalk River, Ontario, Canada 
October 3, 1949 


E have studied the oxidation of ferrous ions by y-rays 

absorbed in dilute aqueous solutions of ferrous ammonium 

sulfate saturated with air and in solutions from which the air was 

removed by exhaustive pumping. We have been particularly inter- 

ested in establishing the role of oxygen in the mechanism of this 

oxidation. 

The most feasible primary process in both aerated and air-free 

solutions appears to be 


y-Tays 
H.O ——— HO+H, (1a) 
followed in aerated solutions by 
H+0:—H0O:. (1b) 


The oxidation of ferrous ions in solution then proceeds according 
to reactions originally proposed to account for the ferrous ion 
catalyzed decomposition of aqueous hydrogen peroxide.! 


Fe+++HO—HO-+ Fe***, (2) 
Fet*++HO.—HO,+ Fe***, (3a) 
H*++H0O.=H:.02, (3b) 
Fett++H,0.—HO+HO--+ Fet**. (4) 


Reactions (3a), (3b), and (4) combine to oxidize ferrous ions 
quantitatively in strongly acid solutions. We have found that in 
solutions 0.1 N or higher in sulfuric acid ferrous ions are oxidized 
quantitatively by sufficiently large doses of y-radiation. In these 
studies we have made our solutions 0.8 N in sulfuric acid to con- 
form to earlier work.?~4 The solutions were irradiated with the 
y-rays from a 2-curie radium source. 

Our experimental results are summarized in Fig. 1. The yield of 
the oxidation is expressed in terms of the number of ferrous ions 
oxidized per 100 ev of y-ray energy absorbed by the solution. Since 
the ferrous sulfate system has been accurately established by 
Miller*> as a dosimeter for x- and y-radiation, it was possible to 
estimate the energy absorbed in our samples merely by determining 
the number of ferrous ions oxidized in a sample of suitable con- 
centration. 
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Fic. 1. The yield of ferrous ions oxidized per 100 ev of y-ray energy 
absorbed in aqueous solutions 0.8 N in H2SOx as a function of the initial 
ferrous ion concentration in (a) aerated solutions and (b) solutions from 
which the air had been removed by exhaustive pumping. 
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The yields were determined by plotting the amount of oxidation 
as a function of the energy absorbed in the solution and taking the 
tangent to this curve at the origin. Each point on Fig. 1 represents 
the average of a number of experiments. 

Above a starting concentration of 10~‘ m.p.1. the yield of oxida- 
tion was independent of the ferrous ion concentration as has been 
well established.2~* Below this concentration the yield falls off 
with concentration presumably because of the recombination of 
HO and HOs. The kinetic consequences of recombination have 
been studied and will be reported elsewhere. 

We wish to point out here that the reduction of the yield above 
10~* m.p.l. by a factor of approximately 4 when the oxidation is 
performed in air-free water can be predicted from Eqs. (1)-(4). 
Inspection of these equations will show that for every free radical 
pair formed in aerated solution 4 ferrous ions are oxidized. In air- 
free water no HO, could be formed by (1b) and the oxidation 
should be described by reaction (2). Only one ferrous ion would 
then be oxidized per free radical pair formed. 

A summary by Miller** of previous work on this subject shows 
that attempts to remove oxygen from ferrous sulfate solutions have 
reduced the oxidation yield by no more than a factor of 2.6. We 
attribute this to incomplete removal of oxygen. We have found 
great difficulty in removing oxygen from these solutions, and have 
noticed that the difficulty appears to increase with increasing 
ferrous ion concentration. 

A detailed account of this work will be submitted to the Canadian 
Journal of Research. We are very much indebted to Dr. Miller for 
discussions and for access to his unpublished results. 

1 F, Haber and J. Weiss, Proc. Roy. Soc. A147, 332 (1930). 

2H. Fricke and S. Morse, (a) Am. J. Roentgenology and Radium Therapy 
18, 430 (1927); (b) Phil. Mag. 7, 129 (1929), 

3N. Miller, (a) Nature 162, 448 (1948); (b) J. Chem. Phys. (to be 


published). 
4N. A. Shishacow, Phil. Mag. 14, 198 (1932). 





Surface Tension of Small Droplets from Volmer 
and Flood’s Nucleation Data 
V. K. LAMER 
Chemistry Department, Columbia University, New York, New York 
AND 


G. M. Pounp 


Metals Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania 


October 28, 1949 


URRENT theoretical work on the effect of droplet size on 
surface tension predicts that the surface tension of a droplet 
smaller than about 200A in diameter should be appreciably 
different from the value obtained by measurements on the bulk 
phase. Using a quasi-thermodynamic approach, Tolman! predicted 
a decrease in surface tension at small droplet sizes, and this result 
is supported by a statistical mechanical treatment due to Kirkwood 
and Buff.2 Martynov,’ on the other hand, takes the view that 
surface tension should increase with droplet curvature. 

As yet, there seems to be no direct experimental method for 
confirmation of these theoretical results, but the authors suggest 
that insight into this problem might be gained by a consideration 
of nucleation phenomena. Volmer and Flood‘ have measured the 
critical supersaturation pressure necessary for spontaneous pro- 
duction of fog at a given temperature for a series of vapors by an 
adiabatic expansion method. Their data are well described in 
terms of directly measured properties of the substance by means of 
the kinetic treatment of Becker and Déring.®* According to their 
treatment, the critical size for a stable droplet is about 20A in 
diameter. This means that an embryo droplet that has attained 
this size through a series of statistical fluctuations will, in general, 
grow to become a macroscopic drop of liquid. Further, the ex- 
ponential function expressing nucleation rate is such that critical 
pressure necessary for spontaneous nucleation of droplets from 












































































































TABLE I. 
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Number P/Pa. P/Pea 
of mole- Nucleus calcu- calcu- 
cules in radius r o* lated lated 
stable inang- — using using P/P2x 
Vapor nucleus stroms 0 o a0 measured 
Water, 275.2°K. 80.0 8.9 0.82 2.9 4.2 4.2+0.1 
Water, 261.0°K 72.0 8.0 0.80 3.2 5.0 5.0 
Methanol, 32.0 7.9 0.80 1.5 1.8 3.0 
270.0°K 
Ethanol, 128.0 14.2 0.88 2.0 2.3 23 
273.0°K 
n-propanol, 115.0 15.0 0.88 2.6 $2 3.0 
270.0°K 
Isopropyl 119.0 15.2 0.88 2.4 2.9 2.8 
alcohol, 
265.0°K 
n-butyl alcohol, 72.0 13.6 0.88 a5 4.5 4.6 
270.0°K 
Nitromethane, 66.0 11.0 0.85 4.2 6.2 6.0 
252.0°K 
Ethyl acetate, 40.0 11.4 0.85 6.4 10.4 8.6 to 12.3** 
242.0°K 








* Ratio of surface tension predicted from Tolman’s results to the surface 
tension measured in the bulk liquid phase. 
** The higher value is assumed to be more nearly correct. 


supersaturated vapor is strongly dependent on the surface tension. 
This is illustrated by Fig. 1 where calculated values of the ratio of 
critical supersaturation pressure to equilibrium vapor pressure of 
the bulk liquid phase, P/P.., are plotted as a function of assumed 
values of surface tension, a, for the case of condensing water vapor 
at 275.2°K. The surface tension values are assumed for the purpose 
of calculating P/P.. as a function of by means of the Becker and 
Déring® treatment. It is seen that a value of surface tension very 
close to that measured for the bulk liquid phase is required if 
calculated and experimental values of P/P.. are to agree. 

The present authors have computed the critical droplet size for 
a number of vapors by the Becker and Déring® method, using the 
measured critical supersaturation ratio and the value for surface 
tension measured on the bulk liquid phase. Then, using Tolman’s! 
theoretical results for decrease in surface tension with droplet 
radius, a value for surface tension at the critical droplet size was 
obtained. This new value of o was used to calculate P/P.. for 
comparison with the experimental quantity. The results are 
summarized in Table I. It is seen that in most of the cases fair 
agreement is obtained between measured values of P/P. and 
values calculated using the surface tension o» as measured on the 
bulk liquid phase. On the other hand, values of P/P.. calculated 
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Fic, 1. Calculated values of critical supersaturation pressure ratio versus 
assumed values of surface tension for the case of condensing water vapor 
at 275.2°K. 


using the surface tension ¢, as predicted from Tolman’s results, are 
in poor agreement with the data. The inconsistency between the 
work on nucleation and the current theoretical studies on surface 
tension of droplets is evident. It may be that some revision of the 
present theoretical approach is in order. 

It is interesting to note that in the two anomalous cases, 
methanol and ethyl acetate, the number of molecules per stable 
nucleus is considerably smaller than in the other cases. Further, 
these anomalies could be resolved by employing a value for surface 
tension somewhat higher than that measured on the bulk liquid 
phase. 

R. = Tolman, J. Chem. we, 17, 333 (1949). 

2J. G. Kirkwood and F. ff, J. Chem. 43 17, 338 (1949). 

sV. Martynov, Zhur. Fiz. P chi 23, 278-80 (1949). 

4M. Volmer and H. Flood, Zeits. f. physik. Chemie (A) 170, 273 (1934), 

6 R., Becker and W. Doring, Ann. d. Physik 24, 719 (1935). 


6M. Volmer, Kinetik der Phasenbildung (Edwards Brothers, Inc., Ann 
Arbor, Michigan, 1945), Chapter 4. 





A Theoretical Calculation of the Parameters a and 3 
Used in the Molecular Orbital Method 


J. VAN DRANEN AND J. A. A. KETELAAR 


Laboratory for General and Inorganic Chemistry, University of Amsterdam, 
Netherlands 


October 31, 1949 


HE molecular orbital method in the usual L.C.A.O. approxi- 
mation enables us to express the energy of the r-electrons in 
two parameters: the Coulomb integral 


a= f gil gidr 
and the exchange integral 


Bu'= f gil godt — S120’, Su=f eigsdr. 


gi and ¢g are the P,-orbitals of adjacent C atoms. 

Hitherto B12’ (and «) were empirical parameters. There is, 
however, a large discrepancy between the values calculated for 
B12’ from resonance energies and from electronic-transition proc- 
esses. We have therefore tried to calculate a and 612’ theoretically 
to get some insight into the nature of this discrepancy. 

For benzene we put for the Hamilton operator: 


h 2 
H=—-—V4+5 Ait Vy. 
6r?m k 


For the part 
h? 
———V? 2 Hx, 
6r?m +2 He 

we refer to Goeppert-Mayer and Sklar;? V,; is the potential energy 
of one r-electron (v) in the field of the other five r-electrons (u) 
which are supposed to be distributed among the six P,-orbitals of 
the C atoms. The electron is also supposed to be equally dis- 
tributed, which is numerically equivalent to a localization on one 
carbon atom. This gives 





and Jf ex) Veex(o)dr=Ve-Siz. 
For this calculation of a and 6,2’ we further need integrals as 


J elo) ¢ie) Helo)ar 


and 
e 
J oil) ¢;(v)— gi (v) dr. 
Toft 
They are reduced to known integrals by substituting 
for vil») ¢i(v)--- 


¢m(v) is a virtual P, function located midway between the original 
z and j functions.* 4 


Sit J @m2(v)-++ 
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With this approximation and using the values of Parr and 
Crawford,* we obtain asa value for a— 4.20 ev and for B12’— 2.42 ev. 

The only experimental data we have used are the effective 
nuclear charge for a C atom Z=3.188 and the C—C distance 1.39A 
in benzene.’ In the calculation of a we used for W2p, the energy of 
a 2p-electron in the unexcited carbon atom, instead of the experi- 
mental ionization potential of —11.24 ev, a value of — 10.82 ev 
calculated theoretically with the effective nuclear charge of 3.18; 
Bi.’ is independent of W2p. 

From these and analogous calculations we conclude: 

(1) Bie’ is with good approximation, independent of the po- 
tential field of the r-electrons (the term V;-Sj2 cancels). 

(2) For a definite C—C bond {,2’ is proportional to Sz. This 
was already known from empirical data.® 

(3) B12’ is strongly dependent on the environment of the bond 
in the molecule (e.g., for naphthalene 6;2’=—1.93 ev and Boio’ 
=— 2.26 ev). 

(4) The quantitative results of the molecular orbital method are 
improved if we consider as a second approximation also the ex- 
change and lack of orthogonality integrals between non-adjacent 
atoms. Following our method with a, for this correction reasonable 
approximation, we obtain for benzene 


,_ Sis Pie /, _ Su , 
13 = Suh ; Bia Suh! > 
(S12=0.26; Si3=0.04; S14=0.02). 


In this second approximation we compute for the resonance 
energy (R-E.) of benzene, 0.76812’ (zero-approximation R.E. 2812, 
first-approximation R.E. 1.06812"). With the experimental value 
for the R.E. (39 kcal.®), we compute for B12’=—2.23 ev. The 
calculated R.E. with our theoretical value for B12’ is 42 kcal. 

For the energy difference AE between the ground state and the 
first excited state we evaluate in second approximation 2.1481’, 
which gives 2410A with our theoretical value of —2.42 ev as com- 
pared with the experimental value of 2550A. 

For the quantity AE/R.E., which is independent of 612’, we 
obtain experimentally, 2.86; calculated, 2.82. Thus the well-known 
discrepancy between the spectroscopical and the thermochemical 
value is eliminated in our second approximation. 

For ethene we find with the same method (Si2=0.287) B12’ 
=—2.95 ev, in agreement with the experimental spectroscopical 
value Bi2’=—3.0 ev (They are, however, not strictly com- 
parable.) The theoretical value for a is 8.0 ev. 

For naphthalene, we compute in second approximation, R.E. is 
1.22812’; for anthracene, 1.61812’. We have taken into account Ai;3’, 
Si; etc., but Bi2’, contrary to our third conclusion, was not varied 
with the environment in the molecule. 

For the ultraviolet spectrum, we obtain with the calculated 
values of AE/R.E. with the experimental values of R.E.° 


0° approx. 1° approx. 2° approx. obs, 
benzene 7143A 3630A 2600A 2550A 
naphthalene 11,430A 5461A 3524A 2750A 
anthracene 17,212A 8236A 5037A 3800A. 


A further improvement might be obtained from a variation 
of Bie’. 

If this method leads to reasonable results it will, in the future, be 
possible to calculate 812’ for an arbritary bond in a molecule by a 
simple addition if we know the internuclear distances of that 
molecule, and to expand this method, e.g., to heterocyclic molecules. 


1G, W. Wheland, J. Am. Chem. Soc. 63, 2025 (1941). 

2M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645 (1938). 

*A. L. Sklar, J. Chem. Phys. 7, 984 (1939). 

*A. London, J. Chem. Phys. 13, 396 (1945). 

5R. G. Parr and B. L. Crawford, J. Chem. Phys. 16, 1049 (1948), 

*C. Zener, Phys. Rev. 36, 51 (1930). 

7V. Schomaker and L. Pauling, J. Am. Chem. Soc. 61, 1769 (1939). 

§ Mulliken, Rieke, and Brown, J. Am. Chem. Soc. 63, 41 (1941). 

°L. C. Pauling, Nature of the Chemical Bond (Cornell University Press, 
Ithaca, New York, 1945). 
”C.C. J. Roothaan and R. S. Mulliken, J. Chem. Phys. 16, 1049 (1948). 
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Infra-Red Absorption Spectra at 
Low Temperatures* 


D. H. RANK AND D. W. E. AxForp 


Spectroscopy Laboratory, The Pennsylvania State College, 
State College, Pennsylvania 


October 17, 1949 


VERY and Ellis' and Avery and Morrison? have shown that 

for certain hydrocarbons many of the infra-red absorption 

bands are very considerably narrowed when the temperature is 

reduced. The above authors give conclusive evidence that 

Bjerrum’s formula is valid even in the liquid and solid state for the 
particular cases which they have investigated. 

Walsh and Willis* have recently questioned the phenomenon of 
temperature narrowing of infra-red bands in a single phase (liquid 
or solid) attributing the effect to change in phase. Study of the 
papers of Avery and Ellis' and Avery and Morrison? does not sup- 
port the contention of Walsh and Willis.? Comparison of the low 
temperature spectrum of Avery and Ellis with A.P.I. Spectrogram 
No. 245 for liquid 2, 2 dimethylbutane is completely unjustified 
since comparison of line breadth is impossible due to widely 
different instrumental factors entering into the two above men- 
tioned spectra. 

We have recently investigated‘ the infra-red absorption spectra 
of a number of hydrocarbons at different temperatures through 
much of the liquid and solid range. Our investigation was con- 
cerned chiefly with the occurrence of rotational isomers and not in 
a discussion of band breadth. However, in the case of all the spectra 
which we have investigated, one of the most prominent features 
was the distinct sharpening of the bands as the temperature was 
reduced. 

Reduction of band width with decreasing temperature in the 
liquid phase was immediately apparent since in many cases double 
bands were merely resolved as shoulders at room temperature while 
at low temperature clean resolution of these doublets was achieved. 
In addition, the narrowing of the bands was considerably greater 
than mere appearance of the curves would indicate. (Since the cell 
thickness is sensibly constant and the density of the liquid in- 
creases with decrease of temperature, more molecules are in the 
absorbing beam at low temperature than at high temperatures. 
The effect of increased absorbing path would be to decrease the 
transmission and make the bands appear wider from this cause 
alone. For quantitative measurements it is of course necessary to 
compare band widths at the same percentage transmission as 
Avery and Ellis! have done.) 

The curves shown in our paper,‘ Figs. 1 to 5, for m-pentane, 
n-hexane, n-heptane, 2 methylbutane and 2:3 dimethylbutane are 
reproduced on too small a scale to show clearly the large effect of 
temperature on narrowing of these absorption bands. 

We wish to point out further that the narrowing of Raman lines 
at low temperatures in liquids can be easily and unequivocally ob- 
served for a number of the hydrocarbons. Microphotometer curves 
of the Raman spectrum of liquid m-butane at 300°K and 147°K 
obtained by one of us® clearly show the effect of temperature in 
narrowing these bands. 

We are not aware of any incontrovertible evidence in the litera- 
ture where distinct rotational fine structure has been found in the 
infra-red absorption spectrum of a liquid. The situation with re- 
spect to solids is similar.* In spite of the lack of direct spectroscopic 
evidence for the existence of discrete rotational and rotational 
vibrational states in a liquid, the breadth and temperature be- 
havior of many infra-red bands yields indirect spectroscopic evi- 
dence for rotation. It seems plausible that discrete rotational 
structure is not to be expected in a liquid since the pressure 
broadening of the lines would be extremely large. 

The observation of Avery and his co-workers? that quanti- 
tatively certain infra-red bands in liquids and solids follow 
Bjerrum’s formula with regard to their breadth as a function of 
temperature can only be considered to be fortuitous in its strict 
quantitative aspect. It is certain that at the present time our 
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knowledge of the liquid state is insufficient to give a strictly 
quantitative theoretical treatment to this problem, but it should 
be expected that the behavior of gases should furnish a first crude 
approximation. 

Finally we wish to emphasize the point that many of the infra- 
red absorption bands in a liquid (for small hydrocarbon molecules) 
sharpen very markedly as the temperature is decreased. A similar 
phenomenon can also be observed with regard to some Raman 
lines of certain liquids. 


* This research was carried out on Contract N6onr-269, Task V, of 
the ONR 

1W. H. Avery and C. F. Ellis, J. Chem. Phys. 10, 10 (1942). 

2W. H. Avery and J. R. Morrison, J. App. Phys. 18, 960 (1947). 

3A, Walsh and J. B. Willis, J. Chem. Phys. 17, 838 (1949). 
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5 Szasz, Sheppard, and Rank, ” fs Chem. Phys. 16, 704 (19 

6L. F. H. Bovey and G. B. B. M. Sutherland, J. Sin Phys. 17, 843 
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Carrier-Free Radioisotopes from Cyclotron Targets. 
III. Preparation and Isolation of Sb’ '*4 
from Tin* 

Roy D. MAXxwELL,** HERMAN R. HAYMOND, WARREN M, GARRISON, 


AND JOSEPH G. HAMILTON 


Crocker Laboratory, Radiation Laboratory and Divisions of Medical Physics, 
Experimental Medicine, and Radiology, University of California, 
Berkeley and San Francisco, California 


October 3, 1949 


EUTERON bombardment of tin produces! Sb’ 4 by the 
nuclear reactions Sn!”(d, 2n)Sb!, Sn!24(d, 2n)Sb'*4. The 
present paper reports a carrier-free method of isolating these 
activities from the target element and from the radioisotopes of 
indium (n, p) and cadmium (, a) which are formed concurrently 
by secondary neutrons produced by the 19 Mev deuteron beam of 
the 60-inch medical cyclotron at Crocker Laboratory. Other 
possible? shorter-lived radioisotopes of antimony were allowed to 
decay out prior to the chemical separation. 

The target was a block of C.P. tin, soft soldered to a water- 
cooled copper plate. It was bombarded with 19 Mev deuterons for 
a total of 83.1 wa-hr. in the 60-inch cyclotron at Crocker Labora- 
tory. The bombarded surface was removed by milling. 

0.5 gram of turnings were dissolved in a minimum volume of 
aqua regia. 12 N HCl was added to destroy excess HNO; and the 
solution was diluted to approximately 25 ml of 0.1 N HCl. 10 mg 
of cadmium were added and precipitated with H.S after addition 
of 1 g of oxalic acid to prevent? precipitation of tin sulfide. The 
antimony activity carried quantitatively. The CdS was dissolved in 
HCl plus oxalic acid, reprecipitated with HS, dissolved in a 
minimum volume of 12 N HCl and transferred to an all-glass 
distilling flask.‘ 16 ml of 60 percent HClO, were added and traces 
of tin were distilled’ at 200°C during the gradual addition of 10 ml 
of 12 N HCl. Approximately 98 percent of the carrier-free antimony 
remained in the residue. The antimony activity was then distilled 
with the gradual addition of 10 ml of 40 percent HBr. The dis- 
tillate contained 95 percent of the Sb 4, Indium and cadmium 
were retained in the residue. 

To obtain carrier-free radio-antimony in isotonic saline for 
subsequent biological investigation, the distillate was treated with 
aqua regia to destroy HBr and evaporated to dryness on 40 mg of 
NaCl. The activity dissolved quantitatively with the addition of 
5 ml of distilled water. 

The decay curve was followed for 300 days and showed two 
periods: 2.8-day Sb!” and 60-day Sb!4. One month after bom- 
bardment, the activity contained only 60-day Sb'!*4; mass absorp- 
tion measurements in Pb showed the 1.7 Mev gamma-ray previ- 
ously reported.’ A tracer amount of carrier-free antimony was 
added to a solution containing milligram amounts of tin, antimony 
and indium; the antimony fraction was separated chemically® and 
contained 98 percent of the activity. 


LETTERS TO THE EDITOR 








We wish to thank Professor G. T. Seaborg for many helpful 
suggestions, the 60-inch cyclotron crew for bombardments and 
Mrs. Alberta Mozley and Mrs. Helen Haydon for technical 
assistance. 


* This document is based on work performed under auspices of the Atomic 
Energy Commission. 

** Lieutenant Colonel, U. S. Army, now stationed at Walter Reed 
Hospital, Washington, D. C. 
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Carrier-Free Radioisotopes from Cyclotron Targets, 
IV. Preparation and Isolation of Mn*‘ 
and Co** 57, 58* 


Roy D. MAXWELL,t JEANNE D. GILE, WARREN M. GARRISON, 
AND JOSEPH G. HAMILTON 


Crocker Laboratory, Radiation Laboratory, and Divisions of Medical Physics, 
Experimental Medicine, and Radiology, University of California, 
Berkeley and San Francisco, California 


October 21, 1949 


ARRIER-FREE radioisotopes of manganese and cobalt of 
useful half-life may be obtained only by cyclotron bombard- 
ment. The present paper describes chemical methods of isolating 
Mn* and Co*4 57.58 from an iron target bombarded with 19-Mev 
deuterons in the 60-in. cyclotron at the Crocker Laboratory. At 
this energy, Mn*‘ and Co** 57. 58 are produced ina thick target by the 
nuclear reactions :! Fe®*(d, a) Mn*4, Fe®®(d, 2n)Co**, Fe®®(d, n)Co*, 
Fe®7(d, 2n)Co*’, Fe®7(d, )Co*’. Other possible shorter-lived radio- 
isotopes of manganese and cobalt were allowed to decay out prior 
to the separation. 

The iron? target was silver-soldered to a water-cooled copper 
probe and bombarded for 2000 wa-hr. at an average beam intensity 
of approximately 50 wa. The bombarded surface was dissolved off 
in 6N HCl. 

All but approximately 10 mg of the target iron was extracted 
with ether. The aqueous phase was neutralized with NH,OH, a few 
drops of bromine were added, and Fe(OH); was precipitated with 
15N NH,OH in excess. Under these conditions carrier-free radio- 
manganése was quantitatively carried, presumably in the quadri- 
valent state. Over 98 percent of the radio-cobalt remained in the 
supernatant. The Fe(OH); plus radio-manganese was reprecipi- 
tated twice with Brz—NH,OH in the presence of 1 mg of cobalt 
hold-back carrier. Three additional precipitations removed traces 
of carrier cobalt. The Fe(OH); was washed, dissolved in 6N HCl 
and iron was extracted with ether. The solution of carrier-free 
radio-manganese in 6N HCl was evaporated to dryness after the 
addition of 5 ml of isotonic saline solution. Addition of 5 ml of 
distilled water gave an isotonic solution of carrier-free Mn* for 
subsequent biological experiments. 

The activity was identified by the 310-day half-life and by the 
0.85-Mev gamma-ray reported‘ for Mn*, As further identification, 
a small amount of activity added to a solution containing carrier 
amounts of Mn, Fe, and Co was quantitatively recovered in the 
Mn fraction from a chemical separation.® 

The supernatant from the first Fe(OH); precipitation containing 
carrier-free radio-cobalt, NH,Cl, and NH,OH was evaporated to 
dryness and treated with 16N HNO; to destroy ammonium salts. 
12N HCl was added to remove HNO; and the solution was evapo- 
rated to dryness on 40 mg of NaCl. The activity dissolved quant! 
tatively in 5 ml of water. 

The radio-cobalt showed the 72-day half-life of Co®* 58; after 200 
days the longer period of Co*’ was apparent. In addition, chemical 
separation with added Mn, Fe, and Co carriers identified the 
activity as cobalt. Mass absorption measurements showed the 
1.2-Mev beta-reported® for Co**, The combined gamma-radiation 
had a half-thickness of approximately 10 g/cm? in lead. 
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We are grateful to Professor G. T. Seaborg for reading this 
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gi document is based on work performed under the auspices of 
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4 J. J. Livingood and G. T. Seaborg, Phys. Rev. 54, 391 (1938). 

5F, P. Treadwell and W. T. Hall, Analytical Chemistry (John Wiley and 
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Decrease of an Electrical Discharge by External 
Radiation: Joshi-Effect 


K,. S. VISVANATHAN 


Chemistry Department, College of Science, Benares Hindu University, 
Benares, India 


October 17, 1949 


HE letter entitled “Decrease of an Electrical Discharge by 
External Radiation” by R. Parshad and S. Karim! in a 
recent issue of the Journal implies the claim that some new 
phenomenon has been observed by the authors. But there can be 
no doubt that what they have observed is the now well-known 
negative Joshi-Effect predicted and discovered by Professor Joshi, 
Benares, as early as 1938.!* The Effect consists in an instantaneous 
and reversible photo-variation, usually diminution, of the discharge 
current when a number of gases and their mixtures, e.g., Cle, Ho, 
O2, air etc. as well as metallic vapors, e.g., Hg, K, Se etc. and 
organic substances are subjected to electrical discharge and 
irradiated by visible, ultraviolet or x-rays. The Effect has been 
observed in full and semi-ozonizers as well as in Geissler tubes 
fitted with internal? or sleeve electrodes.* This phenomenon has 
been the subject of extensive investigation in these laboratories 
and elsewhere since 1938 and the literature on the subject is 
already considerable. It is of interest to recall that R. Parshad 
himself has contributed two notes on the subject,* wherein he has 
attempted to formulate a theory explaining the origin of the 
Effect. It may, however, be added that results obtained in these 
laboratories are not in accord with Parshad’s theory. 

Attention may be drawn to K. R. Dixit’s letter® wherein he has 
critically examined the problem of the Joshi-Effect and offered 
suggestions for further experimental work. Working at Professor 
Joshi’s suggestion, Ramana Rao? has studied the Joshi-Effect in 
air and chlorine subjected to Geissler discharge and observed the 
transition from negative Joshi-Effect at low applied potentials to 
positive Effect at high potentials. Again, Joshi-Effect of large 
magnitude, viz., 90-100 percent current suppression by external 
radiation by visible light has been observed in chlorine,® and in 
air,” especially with the ozonizer walls coated with KCI. It is hence 
incomprehensible that Parshad and Karim should make no refer- 
ence to the Joshi-Effect and to the spectral observations of P. G. 
Deo® on the emission spectrum of Cle, of K. V. Rao® and of 
Venkateswarlu” on the absorption spectrum of iodine vapor and 
mercury vapor respectively, under conditions when all the 
systems under excitation showed large Joshi-Effect, and especially 
to the general conclusion that an “adsorption-like electrode layer” 
represents the seat of the phenomenon. 

'R. Parshad and S. Karim, J. Chem. Phys. 17, 667 (1949). 

‘8 Joshi, Presidential Address, Chem. Sec., Indian Sci. Cong. (1943), 
Proc. Ind. Acad. Sci. 22, 389 (1945). 

*D. V. Ramana Rao, Proc. Ind. Sci. Cong., Phys. Sec., Abst. 32, ibid., 
Chem. Sec., Abst. 35. 

*D. P. Jatar, Proc. Ind. Sci. Cong. (1949), Phys. Sec., Abst. 20, 21. 


any Parshad, Nature 155, 362 (1945); J. Sci. Ind. Research 68 (Nov. 
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°K. R. Dixit, J. Chem. Phys. 16, 742 (1948). 
* P. G. Deo, Nature 153, 434 (1944). 
: K. S. Visvanathan and B. L. Rao, Proc. Ind. Acad. Sci. 29, 117 (1949). 
P. G. Deo, Phil. Mag. 39, 978 (1948). 
°K. V. Rao, Proc. Ind. Acad. Sci. 29, 211 (1949). 
”V. Venkateswarlu, Proc. Ind. Sci. Cong. (1949), Phys. Sec., Abst. 35. 
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Diamagnetic Anisotropy of p-Polyphenyls 


R. MCWEENY 
University of Durham, King's College, England 
October 28, 1949 


N a note published some time ago in this Journal,! Brooks has 

shown how London’s calculations? of the diamagnetic ani- 
sotropy of various unsaturated aromatic molecules may be 
modified in order to allow for non-orthogonality between the 
atomic (2/)-orbitals on adjacent atoms. Although the modification 
of London’s results is quite small for most of the molecules con- 
sidered, dipheny] appears to provide a remarkable exception to the 
rule, the implication being that any agreements between experi- 
ment and theory are largely fortuitous. In an application of 
London’s method to the p-polyphenyls CeonHans2, n= 2, 3, 4, «++, it 
was necessary to check previous calculations, with the following 
results. 

(i) The energy level «=0.070,5 quoted from London’s paper by 
Brooks, is too small by a factor of 10 (printer’s error). On using the 
correct value the anomaly mentioned above no longer exists. 

(ii) A numerical error in London’s calculations (contribution to 
the susceptibility from electrons in the level x— =1.317,4) com- 
pletely invalidates his final result. 

(iii) In terms of Axbenzene the following corrected results have 
been obtained 


Axdipheny1 = 1.869,5Axbenzene (Without overlap), 
Axdipheny!= 1.966,7Axbenzene (With overlap integral S=0.25). 


These figures may be compared with London’s result, 
Axdipheny1= 2.21AxX benzene (Without overlap). 


Whereas London’s calculations suggest that conjugation across 
the connecting link in diphenyl would raise the susceptibility 
normal to the plane, our results indicate an exactly opposite effect, 
the fusion of two benzene rings in this manner leading to a decrease 
in their net susceptibility. 

This result is not significantly altered if one makes allowance for 
the change in ring size due to conjugation: Moreover, calculations 
which will be fully reported in due course predict the maintenance 
of this trend in higher members of the series, the diamagnetic 
anisotropy of the n rings in a p-polypheny] continuing to fall below 
that of m independent (coplanar) rings. 

Although a quantitative agreement with experimental data 
cannot be anticipated, one might expect to find experimental evi- 
dence for a trend of this kind. In fact, the very limited data 
available* does not appear to support our conclusions. In view, 
however, of the indirect nature of the experimental determinations, 
and in particular of the uncertainty in Axtenzene, the disagreement 
should not, we feel, be regarded as conclusive. 

1H. Brooks, J. Chem. Phys. 9, 463 (1941). 


2? F, London, J. de phys. et. rad. 8, 397 (1937). 
3 Lonsdale, Proc. Roy. Soc. A159, 149. 





Carbon Isotope Effect on Reaction Rates 


KENNETH S. PITZER 
U.S. Atomic Energy Commission, Washington, D. C. 
October 10, 1949 


ECENT experiments! have shown surprisingly large effects 

on reaction rates with the substitution of carbon 13 or 14. 
Bigelseisen* has discussed these results in terms of statistical rate 
theory. While his fundamental theory and formulas are sound, the 
writer believes his choice of simplified model for one of the mole- 
cules can be improved. The possible interpretation will also be 
discussed for cases where agreement with simple statistical rate 
theory cannot be obtained. 
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TABLE I. 
w(C!2) w(C'4) Aw G(u) G(u)Au 
Normal acid molecule 
1800 1713 87 0.343 0.107 
837 834 3 0.219 0.002 
493 490 3 0.140 0.002 
1423 1346 77 0.301 0.083 
483 481 3 0.138 0.001 
700 659 41 0.180 0.029 
0.222 
Activated complex 

1711 1633 78 0.332 0.093 
1088 1053 35 0.260 0.032 
0.125 








For the decarboxylation reaction of malonic and bromomalonic 
acids, investigated by Yankwich and Calvin,’ we take a model: 


OH 
R-C -—RH+CO,, 
XQ 
O 


where R and OH are considered single particles. Experience with 
many normal vibration calculations® indicates that for the stretch- 
ing vibrations with zig-zag chains the distant heavy atoms have 
little effect. Thus we take effective masses of 16 for both OH and R. 
Although one might have preferred 17 for OH and 14 or 15 for R, 
the complication to the calculation seemed not worth while. The 
distant heavy atoms do effect bending vibrations, but inspection of 
the details of the rate calculations indicates that the net effect of 
these vibrations is much smaller than that of the stretching 
motions. 

Taking force constants yielding approximately the observed 
frequencies of carboxylic acids, one then substitutes the mass 14 
instead of 12 for the carboxyl carbon and calculates® the fre- 
quencies of the “heavy” molecule. Selection of all details of the 
activated complex is less certain but it seems very likely that the 
C=O bond remains about normal. Since the R—C bond is being 
broken, its force constant is set to zero. Presumably the C—O bond 
has not yet become a double bond so it is given the same force 
constant as in the unreacted acid. Undoubtedly, the rigidity of 
bond angles is reduced in the activated state. Since the isotope 
effect on low frequencies is small anyway, all bending constants 
were set to zero. Thus there are just the C=O and the C—O 
vibrations in the activated complex model. All frequencies of the 
real molecule which the model omits are assumed to be unchanged 
by the isotopic substitution. 

The calculated frequencies are given in Table I and apply 
equally to malonic or bromomalonic acid. 

Bigeleisen has shown the ratio of rates for processes differing 
only isotopically to be 


k 

7 
where G() is the function defined by Bigeleisen and Mayer’ and 
u= hew/kt. The reaction coordinate reduced mass, p, is taken as the 
reduced mass, mm2/(m,-+mz), associated with the atoms forming 
the bond being broken. The symbol f refers to the activated com- 
plex. Table I shows the items in this calculation for the malonic 
acid reaction at 400°K. 

The resulting calculated ratio of rates of breaking C2—C” to 
C"—C* bonds is 1.14 as compared to the experimental 1.12++0.03 
for malonic acid and 1.40.1 for bromomalonic acid. Bigeleisen’s 
calculation yielded 1.04. Thus the present model accounts for the 
malonic acid results satisfactorily. The bromomalonic acid value 
comes from a single measurement internally less consistent than 
the others. If it should be confirmed, it will require a more drastic 
explanation. 


M ; 3N—6 3N—7 
-(¢ Cit D G(u)Aus— D G(u;t)Au;t], 
i i 
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The statistical rate theory® makes the assumption that a full 
equilibrium concentration of activated complexes is maintained 
(remembering that these complexes have only positive velocities in 
the reaction coordinate). In a malonic acid with one C™ carboxy] 
group the C2—C” bond can break at a lower activation free 
energy than that required to break the C2—C* bond. Now, if in 
the process of activation to the C?—C* break, the molecule has a 
chance to react by the C?— C” break then this will tend to deplete 
the concentration of C%—C" reacting complexes below the 
equilibrium value. This process would yield exceptionally high 
ratios of reaction rates. 

The present model and standard statistical rate theory yield the 
same rate of C?—C¥ bond rupture in a C“ containing malonic acid 
as in the normal (all C”) molecule. However, if as postulated 
above, the rate of activation is not sufficient to maintain full 
equilibrium concentrations of activated complexes, then the double 
possibility of C?—C” bond rupture might deplete this concen- 
tration more in the normal molecule than the single possibility of 
C”— C® rupture does in the isotopic molecule. This point has not 
been checked experimentally in the malonic acid case but seems to 
arise in the behavior of the C3;Hs* ion in the mass spectrometer.! 
Beeck and co-workers report that the C?—C® break is 7 percent 
more probable in a molecule with one C™ than in the normal 
molecule. The C%—C¥ break is 12 percent less probable than the 
normal C2—(C® reaction. 

Since the effective temperature of the propane ion in a mass 
spectrometer source is uncertain, no attempt will be made to carry 
analysis of that experiment further. The data? on the thermal 
cracking of propane-1-C at about 800°K show a higher ratio of 
rates than seems likely on a simple rate theory. However, details 
of the exact mechanism of this chain reaction are sufficiently 
uncertain to preclude further conclusions here. 


1 Beeck, Otvos, Stevenson, and Wagner, J. Chem. Phys. 16, 255 (1949), 

2 Stevenson, Wagner, Beeck and Otvos, ibid. 16, 993 (1948). 

3P. E. Yankwich and M. Calvin, ibid. 17, 109 (1949). 

4 J. Bigeleisen, ibid. 17, 344, 425 (1949). 

5 For example note the frequencies near 1000 cm™! in Fig. 2, J. Chem. 
Phys. 8, 714 (1940). 

6G. Herzberg, Infrared and Raman Spectra (D. 2 Nostrand & Com- 

pany, Inc., New York, 1945), pp. 179-180 and p. 17 

7a. Bigeleisen and M. G. Mayer, J. Chem. Phys. 18, 261 (1947). 

8See Glasstone, Laidler, and Eyring, The Theory of Rate Processes 
(McGraw-Hill Book Company, Inc., New York, 1941). 





A New Method of Calculating Resonance Energies 


RatpH G. PEARSON 
Northwestern University, Evanston, Illinois 
October 17, 1949 


HE purpose of this note is to introduce a simple method for 
the approximate calculation of energies in molecules for 
which several reasonable electronic structures exist. The method is 
essentially a molecular orbital one in that the wave function for 
the system is written as the product of one-electron wave functions. 
Each such one-electron wave function is a molecular orbital (ap- 
proximated as an LCAOQ) which has the characteristic of being 
centered on a single nucleus but which may be extended to include 
all nuclei adjacent to the central one. 

To construct the MO’s first write down all of the structures, 
I, II, III-++, assumed to contribute to the ground state of the 
molecule. Each electron, or pair of electrons, in each structure is 
represented by a localized MO of the form y= (1/V2)(Wa+wa) for 
an electron in a bond between nuclei A and B and y=ywaz for an 
electron on a single nucleus. (4 and wz are suitable, normalized 
atomic orbitals.) The complete MO centered on nucleus A is now 
obtained by taking a linear sum of all of the localized MO’s in- 
volving nucleus A. This is done with due regard for the contribu- 
tion of each structure to the ground state. 


¥(A)=ay;(A)+by71(A)+ep111(A):--. (1) 
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Each complete MO so constructed holds on the average zero, one, 
or two electrons, the number being uniquely determined by the 
structures used. (A pair of electrons in a bond can be considered as 
one electron on each nucleus or two electrons on one nucleus and 
none on the other. However, if any of the structures used show a 
nucleus with no electrons, or one or two unpaired electrons, then 
the MO constructed on that nucleus must have the same electron 
population in all structures.) 

The coefficients a, b, c--- 
secular equation 


Hr—W 
Ay 11—A1 11W 


above can be found by solving the 
Hy 11-41 uW::- 
=0, (2) 


where since the total electronic energy is to be a minimum, H is 
the sum of the electronic energies in structure J, each calculated in 
terms of Coulombic integral g and exchange integral 8 by the usual 
simplified 140 method. H; 77 is the sum of the electronic energies 
calculated, for example, for an electron in the MO centered on 
nucleus A : 


H'1 = J vo A)H' di A)dy (3) 


where H’ is a single electron Hamiltonian. A; 7; is the average 
value of the overlap integral A’; 77 


A’ r= f vA Ady (4) 


for each MO weighted according to its population. The lowest root 
of (2) then gives the values of a, b, c--- which make the total 
energy of the system a minimum. 

This method in general gives excellent agreement with ground 
state energies calculated by either the usual MO method or the 
valence bond method and is frequently simpler to use. It has the 
advantage for chemists of emphasizing conventional bond struc- 
tures while retaining the simplicity of MO calculations. 

As an example, calculate the energy of the six z-electrons of 
benzene considering only the two Kekulé structures. (For sim- 
plicity but not by necessity the usual assumptions as to orthogo- 
nality and exchange integrals between non-adjacent atoms will be 
made.) The secular equation calculated by the rules given above is 


6qg+68—W 3¢+-66—— 

2 
W (S) 
3q+66—> 6q+66—W 


which has the lowest root W = 6q+88. The six complete molecular 
orbitals centered on each carbon nucleus are all equivalent and of 
the form ¥(B) =1/(6)4(2¥a+yYatyc), etc. Each has an average 
population of one electron with an energy of g+4/38. It is of 
interest to note that the inclusion of the Dewar structures of 
benzene does not improve the energy; in fact, they make no 
contribution in this method of calculation. 





A One-Dimensional Treatment of the Hydrogen 
Molecule Ion 


Mac WALSH AND F. A. MATSEN 


Departments of Physics and Chemistry, The University of Texas, 
Austin, Texas 


October 8, 1949 


HE Pauling treatment! of the H:* leads to the energy 
expression 


E=Wute*/Rat+J+XK)/(1+4), 


UiaU edt 
j= f as, 


where 
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Fic. 1. K/1+A. (1) for the one-dimensional model, (2) for the 
three-dimensional model. 


UiaU dr 
xe f Labia 


A= f UieU dr. 


This treatment yields a binding energy for H2* of 0.384e?/a9 com- 
pared with the experimental 0.603¢?/ap. 

One of the reasons for the low result is the lack of polarization in 
the atomic wave functions. It was of interest, therefore, to 
ascertain the effect of 100 percent polarization, i.e., the restriction 
of the motion of the electron along the axis of the molecule. The 
exchange integral K/1+A can be evaluated for this model 
although the Coulomb integral J/1+A cannot. 

The one-dimensional hydrogen atom Schroedinger equation? is 


dy /dx*+- (82M) /h*(W+e?/|x| )y=0 


with solution ¥=(2/ao!)|x| exp—|x|/ao corresponding to the 
ground state energy, Wx=0.5e?/ao. The expression for K/(1+ A) 
in units of e?/a9 becomes 


— (R?+R+1)e-” 
1+(R?/3+R+1)e-”’ 
where R=(Ra»)/ao. As is expected, the value of K/1+-A is larger 
for the one-dimensional (100 percent polarized) model than for the 
three-dimensional model (see Fig. 1). Combining the former with 


the three-dimensional J/1+A the binding energy is 37 percent 
greater than the exact value. 





1L. Pauling, Chem. Rev. 5, 173 (1928); L. Pauling and E. B. Wilson, 
Introduction to Quantum Mechanics (McGraw-Hill Book Company, Inc., 
New York, 1935), p. 327. 

2V. R. Vrkljan, Zeits. f. Physik. 52, 735 (1927). 





The Transport Properties for Non-Polar Gases 
J. O. HirScHFELDER, R. B. Birp, AND E. L. Sportz 


Department of Chemistry, University of Wisconsin, Madison, Wisconsin 
October 17, 1949 


UR attention has just been called to the work of T. Kihara 
and M. Kotani on the determination of intermolecular 
forces from transport phenomena in gases.! 

In this article Kihara and Kotani performed essentially the 
same integrations as we did? to obtain the Chapman and Coeling 
collision integrals for non-polar gases using the Lennard-Jones 
potential, with an inverse twelfth power energy of repulsion and an 
inverse sixth power energy of attraction. 
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The F,™ tabulated by Kihara and Kotani are very simply 
related to the W‘™(n) which we presented in our publication: 
W™)(n) = (2e/kT)/*F,,™. Table I exhibits typical numerical agree- 
ment in the values of the collision integrals. 














TABLE I. 
kT/e=1 kT/e=20 
Hirschfelder, Hirschfelder, 
Kihara and Bird, and Kihara and Bird, and 
Kotani Spotz Kotani Spotz 
W)(1) 0.7199 0.7197 0.3320 0.3320 
W)(2) 1.806 1.806 0.9442 0.9439 
W (3) 6.455 6.456 3.631 3.629 
W®)(2) 1.590 1.587 0.7437 0.7432 
W®)(3) 5.550 5.550 2.866 2.864 
W)(4) 25.15 25.16 13.92 13.90 








This excellent agreement obtained by the two independent 
groups greatly increases our confidence in the accuracy of our re- 
spective tables. We are sorry that we were previously unaware of 
this Japanese publication. 

A few values of these integrals were calculated by J. deBoer and 
J. Van Kranendonk,? and excellent agreement was obtained with 
their results. A few other numerical calculations were made by 
Rowlinson.‘ 

1 T. Kihara and M. Kotani, Proc. Phys.-Math. Soc. (Japan) 24, 76 (1942); 
25, 602 (1943). 

2 Hirschfelder, Bird, and Spotz, J. Chem. Phys. 16, 968 (1948). 


3 J. deBoer and J. Van Kranendonk, Physica 14, 442 (1948). 
4 J. S. Rowlinson, J. Chem. Phys. 17, 101 (1949). 





Hydrocarbon Flame Spectra* 


ROBERT C. HERMAN AND GEORGE A. HORNBECK 


Applied Physics Laboratory, The Johns Hopkins University, 
Silver Spring, Maryland 


October 3, 1949 


HE combustion of hydrocarbons has been studied intensively 
for many years because of its theoretical and practical 
interest. The spectra of hydrocarbon flames were first investigated 
in detail under low dispersion by Vaidya.! He described the ap- 
pearance of a system of bands called the hydrocarbon (or ethy!ene) 
flame bands which are degraded to the red and lie between 2500 
and 4100A. These bands were arranged ina vibrational scheme and 
it was suggested that the emitter of this system was the HCO 
radical. Since that time many investigations with explosion and 
various types of stationary hydrocarbon flames have been con- 
ducted with the result that the hydrocarbon flame bands have been 
reported in practically all cases of hydrocarbons burning with air, 
oxygen or atomic oxygen? 

Since most of these flame spectra were investigated with rather 
low dispersion instruments we have been studying the stationary 
flames of methane and ethylene under a variety of conditions. A 
2-meter Baird grating spectrograph was employed with dispersion 
4A/mm and 8A/mm in the regions 3000-4000A and 7000-9000A, 
respectively. 

In a recent note® we reported the appearance of the 'II,—'II. 
Deslandres-D’Azambuja band system of the C2 molecule in the 
spectra of the low pressure stationary flames of ethylene and 
methane burning with oxygen at stoichiometric proportions. 
Further studies of these flames reveal, in the region 3000—-4000A, 
bands of the *2,-—*2Z,- Schumann-Runge system of the O:2 
molecule in addition to the C2 bands mentioned above, as well as 
various OH and CH bands, e.g., the (0,1) OH band at 3428A and 
the (1,0) CH band at 3628A. The Os» bands are stronger the higher 
the relative concentration of oxygen. These results are similar to 
those reported by one of us‘ in the CO+O, explosion flame. 
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At this point in our investigations we suggest the possibility that 
the overlapping of the various bands of the di:tomic species OH, 
CH, C2 and O2 may produce, in the region 3000-4000A, what has 
the appearance of a system of bands heretofore ascribed to the 
HCO radical. Whether or not the above mentioned diatomic 
species account for all the band structure in this spectral region 
requires more detailed study. 

We have also observed in emission from hydrocarbon flames the 
heads of the (0,0) and (1,1) bands of the 12,*—*%2Z,~ atmospheric 
absorption system of O2 which lie at 7594 and 7685A respectively, 
In addition we find the (2,0) band at 8751A of the recently dis- 
covered 'II,—!2, Phillips’ system® of the C2 molecule. Since the 
Phillips’ bands involve the lower states of the ‘II,'— IT,, Deslandres- 
D’Azambuja and the !2,*—!2,* Mulliken systems, one would 
expect both the Deslandres-D’Azambuja and Phillips’ bands to be 
found together in the flame spectrum. The Mulliken bands of C2 as 
well as the Fourth Positive bands of CO appear in flames of 
ethylene and oxygen. These bands have been observed by Gaydon? 
in the oxyacetylene flame Thus, all the known band systems of the 
C2 molecule have been observed in hydrocarbon flames except the 
311,—*II,, Fox-Herzberg bands and we are now searching for the 
latter system which may account ‘or some of the structure in the 
region 3000-4000A. 

We hope in the near future to report the detailed results of these 
investigations as well as further studies of the hydrocarbon flame 
spectrum between 2500-3000A. 

We wish to thank Dr. G. Herzberg and Dr. J. G. Phillips for 
their interest and many profitable discussions. 


* The work described herein was supported by the Bureau of Ordnance, 
U. S. Navy under Contract NOrd-7386. 

1W. M. Vaidya, Proc. Roy. Soc. A147, 513 (1934). 

2 A. G. Gaydon, Spectroscopy and Combustion Theory (Chapman and Hall 
Ltd., London, 1948). 

8 G. A. Hornbeck and R. C. Herman, J. Chem. Phys. (to be published). 

4G. A. Hornbeck, J. Chem. Phys. 16, 845, 1005 (1948). 

5 J. G. Phillips, Ap. J. 107, 389 (1948). 









Chemical Oxidation States of Cl and N Formed by 
the S**(p, n)Cl*4 and O1%(p, a) N** Reactions 
in Crystals 
DaLeE J. MEIER AND CLIFFORD S. GARNER 


Department of Chemistry, University of California, Los Angeles, California 
October 20, 1949 


LTHOUGH many studies have been made of the fate of 
atoms after radiative neutron capture (Szilard-Chalmers 
reaction), little has been done in determining the chemical fate of 
transmuted atoms arising from bombardment with high energy 
ions, especially in inorganic crystals. Libby! has discussed the ex- 
pected fate of hot transmuted atoms in crystal lattices, and a few 
investigations of such processes have been made.? 

We are extending this work of determining chemical states after 
bombardment of inorganic crystals with high energy ions, and 
wish to report our work on the chemical state of Cl and N produced 
by the S*4(p, 2)Cl*4 and O'%(p, a) N" reactions. 

Chlorine was chosen because of the many oxidation states 
possibly present after bombardment : — 1 (CI-), 0 (Cls), +1 (CIO”), 
+3 (ClO;-), +4 (C102), +5 (ClO;-), and +7 (ClO,-). Production 
of the higher oxidation states would presumably be favored by 
bombardment of crystals rich in oxygen,? so sulfates and peroxydi- 
sulfates were chosen as targets. Powdered anhydrous C.P. Na2S0 
and K2S.0; samples were wrapped in thin aluminum foils and 
bombarded with 14-Mev protons in the circulating beam of the 
U.C.L.A. 37-in. frequency-modulated cyclotron* for 30-min. 
periods (current ~1 ya). The targets showed activities with half- 
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lives of 10, 33, and 112 min. after the shorter-lived activities 
decayed out. The 33- and 112-min. activities were shown to be as- 
sociated with the expected Cl** and F'8(0!8(p, n)F'8); the source 
of the 10-min. activity was puzzling until chemical and absorption 
tests showed it to be the previously known® N"*. The only con- 
ceivable reaction which would lead to this activity in the targets 
used is O'%(p, a)N'%. This reaction, as well as the S*4(p, 2)Cl*4 
reaction, seems not to have been reported before. 

Following a bombardment the target crystals were dissolved in 
water, Cl-, ClO;-, and ClO; carriers were added, as well as F~ 
hold-back carrier, and a Cl- fraction precipitated with excess Ag*. 
The filtrate was treated with SO. or NO2- to reduce higher valent 
states, excepting ClO;-, to Cl-, and a second AgCl precipitate 
removed. Finally, the ClO, was precipitated with methylene 
blue. All precipitates were filtered onto paper disks, dried, and 
mounted for counting’ in a reproducible geometry under a Geiger- 
Miieller counter and scale-of-64, the 2.5- and 5.1-Mev positrons® 
being used for the detection. Typical results are shown in Table I. 


TABLE I, Corrected activities of Cl fractions from S*(p, ”)Cl* reaction. 








: Net activity, c/ms_ 
Fraction Na2SO, 





cP wey gg 
Clo-v 3 
ClOw~ oz 3 ox 2 


1047 £24 
2 








* Error includes only standard counting error. 


These experiments indicate that essentially all of the Cl* 
activity appears as Cl" or in a form rapidly exchangeable with Cl-; 
thermal exchange between Cl- and ClO», ClO;~, and ClO, under 
the given conditions has been shown®~’ to be slow, whereas Cl- 
and Cl, are known" to undergo rapid exchange. It is indeterminate 
whether the Cl- exists in the crystal lattace as such or arises as a 
result of dissolving the crystals. The hot chlorine atom may be 
ejected as a neutral atom or positive ion and take up electrons 
before it can react with the oxygen in the crystal. Similar results 
have been reported? for the Szilard-Chalmers reaction on C1O,-. 

An attempt was made to determine the chemical state of the 
N'’, but no quantitative results can be given. The addition of 
NH,* carrier to the solution (chemically freed from Cl*4 and F'8 
activities), followed by its precipitation with Nessler’s reagent, 
carried down a moderately large, but unreproducible, fraction of 
the N'’ activity. A Kjeldahl reaction experiment indicated higher 
oxidation states were present. The N'* does not exist appreciably in 
any volatile form in the solution inasmuch as little activity was 
lost when the aqueous solution was evaporated to dryness. Since it 
was important to know whether exchange would take place be- 
tween certain oxidation states in the time required for the experi- 
ments, the exchange of NH,* and NO was investigated briefly. 
In solutions 0.23f in both NH,* and NO;-, and 0.012f in Ht, 
3.342.6 percent exchange was found after 92 min. at room tem- 
perature, separation being achieved by the use of Nessler’s 
reagent. 


iW. F. Libby, J. Am. Chem. Soc. 69, 2523 (1947). 

2 See, for example, A. H. W. Aten, Jr., Phys. Rev. 71, 641 (1947); Sherr, 
Muether, and White, Phys. Rev. 75, 282 (1949). 

3 Aten (see reference 2) found that the radiophosphorus produced by (n, p) 
or (m, a) reactions with radium-beryllium neutrons on inorganic crystals 
— sulfur or chlorine tends to form phosphates in oxygen-rich 
crystals 

* We wish to thank Professor J. R. Richardson and the cyclotron crew for 
their co-operation in arranging the bombardments. 

5G. T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, 585 (1948). 

6° F. J. Welcher, Organic Analytical Reagents (D. Van Nostrand Company, 
Inc., New York, 1948), Vol. IV. 

7 Background, decay, and coincidence corrections were applied. Activities 
in the precipitates were shown to be due only to 33-min. Cl* by decay 
measurements. Final filtrates were counted with a dipping counter and no 
residual Cl* activity was found. 

sw F. Libby, J. Am. Chem. Soc. 62, 1930 (1940). 

®H. Dodgen and H. Taube, J. Am. Chem. Soc. 71, 2501 (1949). 

10 We confirmed that the exchange between Cl- and ClOs~ and between 
Cl- and ClO," is very slow for our experimental conditions. 

uF, A. Long and A. R, Olson, J. Am. Chem. Soc. 58, 2214 (1936). 
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Photo-Chemical Reduction of Water by Europium 
(II) Ion, and the Magnetic Susceptibilities 
of Europium (JJ) and (JIJ) Ions 


Davip L. DouGLas AND Don M. Yost 


Gates and Crellin Laboratories of Chemistry, California Institute of Technology, 
Pasadena, California* 


October 14, 1949 


HE slow reaction of europium (Z/) ion with hydrogen ion or 
water to produce hydrogen and europium (JJ/) ion has been 
previously reported.'~* Prior to an investigation of the aqueous 
chemistry of europium (JJ) ion, the study of this reaction was 
undertaken. It was decided to follow the course of the reaction by 
observing the change in magnetic susceptibility of the reaction 
mixture, using a Gouy balance. This method was suggested by the 
aforementioned work of R. A. Cooley.‘ Preliminary experiments 
showed that solutions 0.25 m in europium (J/) chloride and about 
0.3 m in hydrochloric acid were stable over periods of weeks when 
kept in the dark, but evolved hydrogen and changed susceptibility 
rapidly when exposed to bright light (either sunlight or a tungsten 
lamp). One other such system has been reported in the literature. 
Poterill, Walker, and Weiss investigated the photo-chemical re- 
duction of water by iron (JJ) ion.® 
A systematic investigation of this reaction, including the 
thermal reaction, has been in progress for some time. The appa- 
ratus will be described in detail in a future report. It permits the 
sidewise irradiation, with the 3660A line group of a 20-cm mercury 
arc, of a Gouy tube containing the reaction mixture and an 
identical tube containing a urany] oxalate ‘actinometer. Experi- 
ments so far have been confined to solutions 0.50 m in HCl, 0.15 m 
in EuCl: and 0.05 m, 1.05 m or 2.05 m in KCl, the ionic strength in 
these cases being 1.0, 2.0 and 3.0 respectively. Table I contains a 
summary of some of the results obtained thus far. It is considered 
that insufficient data are available to elucidate completely the 
mechanism and so a discussion of this will be deferred. 


TABLE I. Quantum yields of photo-chemic al reduction of water by 
europium (JJ) ion.* 








(HCl) =0.50 m (EuCle) =0.15 m Volume =Ca 12 ml 
(1) (2) (3) (4) (5) (6) 
Quantum 
Ionic yield 
strength Change in Molecules Pm sone @) 
Expt. of conc. of Eu (JJ) 
No. _ solution Eu (JJ) oxidized 


Quanta 


absorbed colun mn 6) 





EB 


14-b 1 
14-c 1 
16-b 2. 
17-b 3 


0 0.0072 5.2 K1019 
0 0.0071 5.1 X1019 
0 0.0071 5.1 K1019 
0 0.0082 


Nee 
won~ 
KE HE IE | 
Sess 
NRNKK 


6.2 X1019 








* Activated by the 3660A radiation, of which Eu (JJ) is the only absorber 
in these solutions. 


With regard to the analytical method, the literature contains 
many values of the magnetic susceptibility of europium (J/J) ion. 
Yost, Russell, and Garner present a summary of these.* We have 
determined the molar susceptibility of europium (J//) ion in 
aqueous solution at 25.0°C to be 4.50X 10* c.g.s. units; this value 
is independent of the ionic strength of the solution. The magnetic 
susceptibilities of a number of compounds of europium (JJ) is 
reported? ® but no value for the ion in solution appears in the 
literature. By working in an atmosphere of carbon dioxide when 
preparing the solutions, and when carrying out analyses, by the 
method recommended by H. N. McCoy,’ we have measured the 
susceptibility of europium (JJ) ion in aqueous solution, over the 
concentration range 0.3 m to 0.1 m, with the following result: 
xm = 26.25+0.110* c.g.s./g ion. The ionic diamagnetic sus- 
ceptibilities listed by L. F. Bates’ were used throughout. This 
value of x is in good agreement with Van Vleck’s" theoretical 
value of 26.110* c.g.s./g ion for the isoelectronic gadolinium 
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(ITT) ion. In calculating the amounts of europium present in the 
two oxidation states the validity of Wiedemann’s additivity law 
was assumed. 

The europium used in these researches was a gift of the late Dr. 
H. N. McCey and was of greater than 99.9 percent purity as 
regards other rare earths. Our supply was augmented by a loan of 
more of the same material by Mrs. Ethel Terry McCoy, for which 
we are exceedingly grateful. 

We wish to thank Professor N. Davidson and Dr. O. Wulf for 
many helpful discussions and suggestions. We are also very 
grateful to the Research Corporation for a grant which aided, in 
part, the work reported here. The junior author (David L. 
Douglas) is indebied to the Atomic Energy Commission for 
financial a «in the form of a fellowship for the year 1948-49. 


* Contribution Nu. 1345. 

1 Yost, Russell, and Garner, The Rare Earth Elements —_ Their Com- 
pounds (John Wiley and Sons, Inc., New York, 1947), page 

« ? Jantsch, Grubitsch, and Lischka, Zeits. f. Electrochemie a “293 (1937). 
ny 3F. D. S. Butement, Trans. Faraday Soc. XLIV, 617 (1948). 

+R. A. Cooley, Ph.D. Thesis, California Institute of Technology, 1941. 

5 Poterill, Walker, and Weiss, Proc. Roy Soc. A156, 561 (1936). 

6 See reference 1, page 14. 

7 P. W. Selwood, J. Am. Chem. Soc. 55, 4869 (1933). 

8 Ww. go, and W. Doll, Zeits. f. anorg. unt allg. Chem. 241, 233 (1939). 

®H. N. McCoy, J. Am. Chem. Soc. 61, 2455 (1939). 

wl. F. Bates, Modern Magnetism (Cambridge University Press, London 
1947), page 132. 

uy, Van Vleck, Electric and Magnetic Susceptibilities (Oxford Uni- 

versity , Cambridge, 1932), page 243. 





Spectra of Disordered Crystals 


D. F. HoRNIG 
Metcalf Research Laboratory, Brown University, Providence, Rhode Island 
October 3, 1949 


HE spectra of crystals, both electronic and vibrational, have 
been discussed by a number of authors.'~5 All of these dis- 
cussions have been based on the premise that a crystal is a per- 
fectly ordered system with a clearly defined structure about all 
interior points. Elementary statistical considerations make it 
apparent that if alternative structures which do not differ too 
much in their free energy are possible, and if they are accessible in 
the sense that the activation energy for the transition to the 
alternative structure is not too high, a finite fraction of the 
domains of the crystal will exist with alternative structures at any 
temperature other than absolute zero. That is, disorder must be 
very common in crystals at finite temperatures. It is the purpose of 
this note to point out (a) that the selection rules and character of 
the spectra cannot be simply obtained from the crystallographic 
symmetry in such cases and (b) that spectra may be expected to 
be sensitive to short-range or local order and are therefore a useful 
complement to x-ray methods which are most sensitive to long- 
range order. 

Disorder has been extensively investigated in alloy structures.® 
Evidence is also available for disorder in many molecular and ionic 
crystals, a particularly common type being that in which molecules 
or ions are located at essentially fixed lattice points but in which 
the equilibrium orientation of each molecule is not specified. Free 
rotation would be a particular case of such disorder although it is 
questionable whether free rotation in a crystal has been definitely 
demonstrated in even a single case. Examples of such disorder 
might include crystalline carbon monoxide, the cubic modifications 
of many nitrates and a variety of crystals involving symmetric 
molecules or ions. A common feature of disordered phases of this 
kind is that the crystal symmetry is higher than in the ordered (or 
less disordered) phase existing at lower temperatures. Several 
authors have accordingly considered that the effective symmetry 
for vibrational spectra is also higher, implying more stringent 
selection rules, absence of splitting of degeneracies, etc. In fact, the 
symmetry of the Hamiltonian is always reduced in passing to a less 
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ordered phase and we may rather expect that selection rules will 
be relaxed and degeneracies split; in some cases the spectrum may 
approach that of a liquid. 

Since the spectra of molecules and ions in a crystal differ only 
very slightly from the spectra of the corresponding gases, they 
must be only very slightly perturbed by the crystalline environ- 
ment. In this case the Hamiltonian of the crystal may be written 


H=ZHS+H', 


where H;? is the internal Hamiltonian of the ith molecule and H’ is 
the small perturbation due to the crystal. If H’ is expanded in 
terms of nearest neighbor interactions, next nearest neighbor 
interactions, etc., the successive terms decrease rapidly in magni- 
tude since all of the interactions fall off at least as rapidly as the 
inverse square of the distance and proposition (b) follows im- 
mediately, that most of the observed effects are due to local 
structures. Since in a disordered state a variety of local structures 
coexist, the symmetry effects may be expected to vanish toa degree 
depending on the nature of the local structures. In general, one 
may expect that in a disordered structure the sharp line spectra 
expected in ordered structures*® should be broadened. 

Such effects appear to have been observed in studies of the 
vibrational spectra of ammonium and deutero-ammonium halides 
above (disordered) and beneath (ordered) the A-point.? It is hoped 
that the spectra of crystals may provide a generally useful tool in 
studying order-disorder transitions of transparent substances and 
further experimental studies are now in progress. 


1H. Bethe, Ann. d. Physik 3, 133 (1929). 
ee and T. Venkatarayudu, Proc. Ind. Acad. Sci. A9, 224 

3R. S. Halford, J. Chem. Phys. 14, 8 (1946); H. Winston and R. S. 
Halford, ibid. 17, 607 (1949). 

4D. F. Hornig, J. Chem. Phys. 16, 1063 (1948). 

5A. S. Davydov, J. Exp. Theor. Phys. (U.S.S.R.) 18, 210 (1948). 

6F, C. Nix and W. Shockley, Rev. Mod. Phys. 10, 1 (1938). 

7 E. L. Wagner and D. F. Hornig, J. Chem. Phys. (to be published); see 
Phys. Rev. 75, 1282 (1949). 





Solubility of Water in Hydrocarbons 
J. H. HILDEBRAND 


Department of Chemistry, University of California, Berkeley, California 
October 3, 1949 


VALUABLE paper bearing this title was published recently 

by Black, Joris, and Taylor.! They reported the solubility of 
water in 15 hydrocarbons and discussed the results in connection 
with the usual equation for regular solutions, and also with an 
equation of the Flory-Huggins type designed to take account of 
discrepancy in molal volumes. 

In view of the general importance of being able to predict the 
solubility of water in any hydrocarbon, I believe that the following 
method of analyzing and correlating these results will prove useful 
to many. 

The equations for the heat of mixing and the entropy of mixing 
may be combined to give? 


RT In(@2/ ¢2) = v2¢17(61— 52)?+- RT ¢1(1—v2/v:), (1) 


where @ denotes activity, v molal volume, ¢ volume fraction, and 
5 the “solubility parameter,” which is the square root of the energy 
of vaporization per cc. We shall let subscript 2 stand for water and 
1 for the hydrocarbon. The first term on the right is intended to 
account for the heat, the second the entropy of mixing. The latter 
should be unusually significant in these solutions because of the 
relatively small molal volume of water. 

One would hardly be surprised if a value of 52 derived from the 
heat of vaporization of water would fail to fit these solutions since 
hydrogen bonds contribute so largely to the cohesion of liquid 
water but not to the attraction between water and hydrocarbon 
molecules. It seemed possible, nevertheless, that a uniform even if 
somewhat artificial solubility parameter for water might serve to 
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correlate the data, and to test this I substituted them in Eq. (2) 
and calculated the values of 6.—6; and then 42 with the results 
shown in Table I. The necessary 6;-values are those given in the 
third edition of Solubility of Non-electrolytes. 


TABLE I, Solubility of water in hydrocarbons, mole fraction, xz at 20°C. 











Normal paraffins 104x2 v1 62-61 61 52 
n-CsHwo 2.1 101.4 17.4 6.7 24.1 
n-CsHi2 3.6 116.1 17.0 7.05 24.1 
n-CeHis 5.3 131.6 16.7 7.3 24.0 
n-C7Hie 7.3 147.5 16.5 7.45 24.0 
n-CsHis 9.0 163.5 16.4 7.55 24.0 

Branched paraffins 
t-CsHwo 2.4 101 17.0 6.25 23.3 
#-CsHie 3.6 117 17.0 6.75 23.8 

Cyclic 
cycl. CeHi2 4.65 109 16.6 8.2 24.8 
CeHe 19.0 89 15.1 9.15 24.2 
CeHsCH; 22.0 107 $1 8.9 24.0 

Mean 24.0 

Olefins 
1,C4Hs 12.4 95 15.6 6.7 22.3 
2,C4Hs 14.0 91 15.8 7.0 22.8 
1,C7His 57.0 141 14.3 7.7 22.0 

Diolefins 
CsHe 19.0 86 15.1 7.6 22.7 
1,5,CeHw 46.0 119 14.4 8.2 22.6 

Mean 22.5 








The table reveals that the 52-values are close to 24.0 for all but 
the olefins and are close to 22.5 for these. One may expect there- 
fore to calculate the solubility of water in another hydrocarbon 
with good approximation by using one or the other of these two 
values, as appropriate. 

The smaller value for the olefins corresponds to greater solubility 
and accords with the attraction between olefin bonds and water 
revealed by the well-known structures of layers of fatty acids 
adsorbed on water. 

The astonishing feature of this analysis is that the 6-value 24.0, 
obtained from the solubility data, turns out to be practically 
identical with the value derived from the energy of vaporization of 
water, 23.8. This may well be the result of a fortuitous cancellation 
of various factors. 


1 Black, Joris, and Taylor, J. Chem. Phys. 16, 537 (1948). 
2 Compare J. H. Hildebrand, Chem. Rev. 44, 37 (1949). 





Statistical Mechanics of Dilute Polymer Solutions 


PAuL J. FLory 
Department of Chemistry, Cornell University, Ithaca, New York 
October 3, 1949 


HE recently published theory! of intramolecular interactions 

in isolated polymer molecules may be extended, as described 

below, to the calculation of the partition function for a pair of 

polymer molecules in a dilute solution. The methods of the theory 

of real gases may then be employed for the calculation of the 
coefficients B’ and C’ in the virial expansion 


w/¢=(RT/M)(1+(B’/M)c+ (C'/M*)e+ - ++], (1) 


where x represents the osmotic pressure, M is the molecular weight 
and ¢ the concentration in g per unit volume. The present treat- 
ment represents a refinement of one presented several years ago,? 
in that the molecule is treated as a Gaussian distribution of seg- 
ments about the center of gravity rather than as a uniform 
distribution within a sphere; further, the energy of mixing term, 
previously neglected, is here included. 

Consider a volume element 6 near two identical polymer 
molecules 7 and j the centers of gravity of which are separated by a 
distance a. Let ps and p; represent the densities, within 60, of 
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“lattice segments” belonging to the respective molecules. The 
spatial distributions of segments are assumed to be Gaussian, e.g., 


pi= x(6’/7')* exp(—8"s,), (2) 


where x is the number of lattice segments per molecule, s; is the 
distance of the volume element from the center of gravity of 
molecule i, and 6’=3/alZ!; Z represents the number of segments 
of length / in the “equivalent chain,” and a (which assumes an 
important role in the intrinsic viscosity expression) expresses the 
linear expansion of the molecule owing to intramolecular inter- 
actions of the segments. The probability that the segments of 
molecule 7 in the volume 6v do not interfere with those of 7 is 
p= (1— pV )P»exp(— pip; V 60), (3) 
where V is the volume of one segment. The quantity & Inp5* may 
be looked upon as the entropy change on combining the p;év 
segments of polymer 7 with the p;év segments of polymer 7 within 
the same volume element 6v, the respective sets of segments 
occupying initially separate volume elements of the same size. If 
the presence of the solvent molecules of molar volume x,V is ap- 
proximately taken into account,! Eq. (3) is to be replaced by 


p5*=exp(— pipjV50/x;). (3’) 

The heat change accompanying the above superposition process 
may be written 

5H = pip;V (y— 2) (— 2A€)60= —2RkT pipjxiVou/x,, - (4) 


where 7 is the lattice coordination number and Ae is the difference 
in interaction energy between a solvent-polymer pair of near 
neighbor segments and the mean of the interactions for solvent- 
solvent and for polymer-polymer. The quantity «1, which is defined 
by the second equality in Eq. (4), replaces the previous 4, which 
has fallen into widespread misuse. 

The factor contributed by the interactions in the volume 
element 6v to the partition function f(a) for a pair of molecules at a 
distance a apart is given according to Eqs. (3’) and (4) by 

f6°=exp[— pipj(V/x4)(1— 2x1) 50] 
and 


f(a)=If +mexp| f'—pios(V/x.)(1—2n)do}. 


Substituting the Gaussian functions for p; and p; and integrating 
over-all space 


f(a) =exp{ —[(6/2m)4x*(V/x.)(1— 2x) ] exp(—7a*/2)} (5) 


f(a) represents the relative probability (per unit volume) that the 
center of molecule 7 occurs within a volume element at a distance 
a from molecule 7. The volume effectively excluded by a molecule 
as reckoned for binary encounters is given by 


J C1—fla) Hrataa. (6) 


The second virial coefficient of Eq. (1) is half of this quantity per 
mole, or substituting Eq. (5) in (6) 


B’ = (25*N/a's) {~ {1—exp[—K exp(—y*)]}y*dy (7) 
where N is Avogadro’s number, y= 6’a/2+, and 
K=(8"/2m)4x°(V /x4)(1— 2x1). (8) 
Substituting the expression for 6’ given above 
K= (9/232) (1—2«1)C1Z4/a 
where C,=(3/x)Vx?/Z*l5x, is formally equivalent to the C; 


introduced in the intramolecular configuration theory.! Expanding 
the lower exponential in Eq. (7) and integrating 


B’ = (24x3/B")NK(1—K/2!-284-K2/3!-3!—---) (9) 
or 
B’ =(x2NV /2x,)(1—2«1)(1—K/2!-234+-K2/31-3!—-++). (9% 


The partition function for a cluster of more than two molecules 
may be expressed as the product of the f(a;;) for each pair in the 
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cluster, provided that the volume fraction of polymer segments is 
everywhere small.‘ Higher virial coefficients may, in principle, be 
calculated from the phase integral over the product of factors 
[1—f(a;;) ].5 Straightforward evaluation of these integrals would 
be hopelessly laborious, but approximate evaluation in the 
“equivalent sphere” approximation gives® 


C’= (5/8) (B’)?. (10) 


The parameters C; and x; (which is inversely proportional to 
temperature) are indicative of the magnitudes of the entropy and 
heat of mixing of polymer segments with solvent. Their evaluation 
from B’ (and C’) and its temperature coefficient is complicated by 
the occurrence of the intramolecular expansion factor a in 6’ and 
K. This factor also is dependent on temperature.+7 It would appear 
that the elucidation of the fundamental parameters governing 
polymer-solvent interaction in dilute solutions may best be 
achieved through a combination of osmotic and viscosity measure- 
ments (or some other measure of molecular dimensions, e.g., 
angular dissymmetry of scattered light) on the same system at 
different temperatures. Contrary to the usual assumptions, 2/c 
should not vary linearly with c in dilute solutions and the limiting 
slope is not independent of M. The same conclusions were reached 
previously.” 

As x:>4, Eq. (9’) simplifies through virtual disappearance of 
higher terms in the series. At x.= 3, which corresponds to incipient 
limited miscibility for infinite molecular weight, the excluded 
volume becomes zero, the second and higher virial coefficients 
vanish, and Eq. (1) reduces to Van’t Hoff’s law, as has been found 
experimentally for polyisobutylene in benzene one degree above 
the critical temperature for total miscibility. The disappearance 
of the resistance to overlapping \f the molecules as x, approaches $ 
provides an explanation for the enhanced dependence of sp/c on 
concentration in poor solvents. 


1P, J. Flory, J. Chem. Phys. 17, 303 (1949). 

2P. J. Flory, J. Chem. Phys. 13, 453 (1945). 

3 The notation follows closely that used in reference (1), except for the 
replacement of mi by «1. 

4 Otherwise, approximations used in deriving Eq. (3) no longer are valid. 

5 See J. G. Kirkwood, J. Chem. Phys. 3, 300 (1935). 

6L. Boltzmann, Vorlesungen uber Gastheorie (Verlag Abschnitt, Leipzig, 
1898), Vol. II, p. 138. 

7T. G. Fox, Jr., and P. J. Flory, J. Phys. Coll. Chem. 53, 197 (1949). 

8P, J. Flory, J. Am. Chem. Soc. 65, 372 (1943). 





Microwave Investigations of Chloroform* 


WILLIAM V. SMITH AND ROBERT R. UNTERBERGER 
Department of Physics, Duke University, Durham, North Carolina 
October 3, 1949 


HE J=2 to 3 and J=3 to 4 rotational transitions of CHC1,** 
have been observed by the techniques of Stark modulation! 
using a coiled cell of twenty-four foot equivalent length, and a four 
kilocycle modulation frequency. Since each chlorine nucleus gives 
rise to a quadrupole splitting of the energy levels,? the resolved 
structure is rather complex, and the individual lines weak. At 
pressures near one millimeter of mercury however, the strongest 
lines of CHCi,* integrate to form a single absorption peak about 28 
megacycles wide centering at 26,417 megacycles for the J=3 to 4 
transition. The corresponding moment of inertia 7g is 254.1 
<10-*” g cm?. 

For CHCl;, 96 percent of Jg is contributed by the chlorine 
atoms, and about two percent each by the carbon and hydrogen. 
The structure thus is insensitive to isotope variation, although 
information from CDCl;, which we are endeavoring to obtain, 
would be useful. This insensitivity of structure to isotope however 
allows rather accurate determination of the C—Cl and, especially, 
the Cl—Cl distances from a single moment of inertia. If the C—H 
distance is assumed to be 1.11A (equal to the value for CH;Cl),? a 
value of the H—C—Cl angle of 106°+3° (consistent with electron 
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diffraction data)* gives a CI—Cl distance of 2.91--0.01A, and a 
C—Cl distance of 1.75+0.02A. These values, while within the 
limits of electron diffraction data, are somewhat shorter than the 
average values. The C—Cl bond is shorter than the value of 1.779 
found for methyl] chloride,’ a trend similar to that observed with 
CHF; and CH;3F.5 


* This research reported in this document has been made possible through 
support and sponsorship extended by the Geophysical Research Directorate 
of the Air Force Cambridge Research Laboratories under Contract No. 
W19-122-ac-35. It is published for technical information only and does not 
represent recommendations or conclusions of the sponsoring agency. 

1R. H. Hughes and E. B. Wilson, Jr., Phys. Rev. 71, 562 (1947). 

2 Townes, Holden, Hardeen, and Merritt, Phys. Rev. 71, 644 (1947). 

3 Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 

4Louis R. Maxwell, J. Opt. Soc. Am. 30, 374 (1940). 

5 Gilliam, Edwards, and Gordy, Phys. Rev. 75, 1014 (1949), 





On the Catalyst Surface Structure 


SHou-Cuvu LIANG 
National Research Council, Ottawa, Canada 
October 24, 1949 


N a recent article, Sips! advanced a mathematical formulation 
claiming to have established a method using which the 
heterogeneity of a catalyst surface can be calculated rigorously 
from an experimental isotherm. A close examination of his 
formulation reveals that it is unsatisfactory and in fact it cannot be 
of much use. While we have not been able to establish a new and 
useful formulation, we feel that it is important to point out his 
erroneous approach. 
Before going into detail, the notation used by Sips must be cor- 


rected. In order to fulfill his condition Fi N(q)dg=1 N(q) should 


represent the fraction of the number of sites having heat of 
adsorption g instead of the number itself as designated by Sips. His 
errors may be summarized as follows: 

(1) His Eq. (2) may be rewritten as 

7 N@) 

a-—~1+(a/p) exp(—q/RT) 
After he gets the formulation of N(q) by using the Freundlich 
isotherm, he is unable to obtain the original isotherm because the 
integral is “intractable”. Without carrying out the integration, we 
can see from Eq. (a) that the resultant isotherm must be the 
Langmuir and not the Freundlich type. His treatment therefore 
fails to give a consistent result. 

(2) It is to be noted that no matter what analytical form N(q) 
may take, Eq. (a) will only yield a Langmuir isotherm. The 
sigmoidal isotherm which is commonly obtained cannot be possibly 
described by Sips’ isotherm thus indicating the invalidity of the 
formulation. In fact, if one uses the BET isotherm equation in the 
uncondensed form to evaluate the heterogeneity distribution func- 
tion, one finds that V(q)=0 for all values of g except for g=—~. 
This contradicts the original postulates from which N(q) is derived 
and proves further the treatment lacking of consistency. 

(3) Sips claims that the lack of knowledge of the form of the 
function of an experimental isotherm being ‘“‘no obstacle, because 
the experimental values may always be represented as exactly as 
we like by using analytical expressions.” This is fundamentally 
wrong. The function we need to calculate the distribution function 
N(q) must not only describe the experimental isotherm well; but 
also represent the true mechanism, about which we have very 
little knowledge. Assigning an arbitrary form to the adsorption 
isotherm equation is equivalent to assigning an arbitrary form to 
N(q). This will be discussed more fully elsewhere. 

(4) Repeatedly, Sips is troubled by the non-convergence of 
f- N(q)dq. When working with the Freundlich isotherm, he 
attributes the reason to the form of the isotherm equation which 
goes to infinity when p= ©. This is incorrect. The N(q) evaluated 


by Sips’ method should be valid for all the region where the 
isotherm equation is valid. Plainly, when the integration is carried 
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out from g=— © to +, the pressure can still remain low, 
fulfilling the condition under which the Freundlich isotherm is 


valid; and | N(q)dq would therefore remain finite if Sips’ 
reasoning were sound. The non-convergence character of 


400 
J N(q)dq is actually a consequence of Sips’ use of Eq. (1) in 


—o 


which he contends that those sites where g= — © are not counted. 
Therefore the lower integration limit of { N (q)dq should be some 


finite value instead of being — © in order to make the operation 
consistent. Such a change in limit makes the integral convergent at 
all pressures where the isotherm equation holds. 

In conclusion, Sips’ treatment can only be useful if (a) the 
Langmuir isotherm is valid and (b) the isotherm equation repre- 
senting the true adsorption mechanism (and not merely an 
analytical expression giving all the approximately correct nu- 
merical values) is known. These conditions practically deprive his 
formulation of all its significance, because the first condition is not 
always met and the second cannot yet even be approximated. 
Even if both conditions can be met, the function N(q) obtained 


r+ 
does not necessarily satisfy the equation io N(q)dq=1. 


1R, Sips, J. Chem. Phys. 16, 490 (1948). 





The Triple-Dipole Interaction between Atoms and 
Cohesion in Crystals of the Rare Gases 
B. M. AxILrop 


George Washington University, Washington, D. C. 
October 3, 1949 


HE application of third-order perturbation theory to the 

interaction of neutral atoms was reported! to result in an 

interaction between triplets of atoms. The term in the third-order 
interaction energy which depends on triplets of atoms is 


HoH jx 
W mt bo waa 
0 540 ko (Wi—Wo)(Wi—W)’ 
kR#¥j 





(1) 


where W;, Wx, and Wo are the unperturbed energies of the inter- 
mediate states j and k, and the ground state, respectively. Ho; etc. 
are the matrix elements of the perturbation. If the perturbing 
potential is limited to the dipole-dipole term, the following ap- 
proximate expression, called the triple-dipole interaction, is ob- 
tained for Wo’. 


worm (Vit Vet V3) ViV2V 3a10203(3 cosy: cosy2 cosy3+1) 
2 (VitV2)(VetVs)(Vit V3) Ris*Res?Ris® 


V1, V2, and V; are the ionization potentials and a1, a2, and a; the 
polarizabilities of the three atoms; Riz, R23, and Rj3 are the sides 
and 71, y2, and +; the angles of the triangle formed by the nuclei 
of the atoms. For like atoms (2) becomes 2 





. (2) 


wn, Va5(3 cosy1 Cosy2 Cosys+ 1) (2a) 
16 Ri? Ro3° R138 

The triple-dipole interaction W’” is positive, i.e., repulsive, for 
all acute triangles and negative for most obtuse triangles. 

It can be shown that Wo’” for three rare gas atoms is about one 
percent of the dipole-dipole interaction energy of the London type.’ 
Since W)’” is relatively small, it does not appear likely to con- 
tribute much to the cohesive energy even for molecular crystals. 
The dependence of W’” on the configuration of three atoms, how- 
ever, suggested that the structure of the rare gas solids might be 
explained by the triple-dipole interaction. Argon, neon, krypton, 
and xenon crystallize in the face-centered-cubic lattice, one of the 
two closest-packed structures,‘ the other being the hexagonal- 
Closest-packed lattice. London® showed that, assuming pairwise 
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additivity, the dipole-dipole interaction accounted largely for the 
cohesion of molecular crystals. However, the lattice sums of the 
dipole-dipole interaction for the f.c.c.° and h.c.p.” lattices do not 
differ by more than 0.01 percent. This is also true if the dipole- 
quadrupole or higher pole interactions are similarly summed, so 
the stability of the f.c.c. compared to the h.c.p. structure cannot be 
explained by differences in these interactions. 

The triple-dipole interaction, Wy’, was directly summed in both 
the f.c.c. and h.c.p. lattices for a cylindrical region whose radius 
and semi-altitude were about three times the nearest-neighbor 
distance. These calculations were made on IBM punched-card 
machines. 

For the above region the sum of Wo’’/K, where K equals 
5 Va3/r,?, is 56.686 for the f.c.c. and 56.727 for the h.c.p. lattice. 
From an examination of partial sums it seems that: (a) Wo’"/K 
converges to a value close to 57 and (b) the sum of Wo’”’/K is 
roughly 0.04 greater for the h.c.p. compared to the f.c.c. lattice. 

The triple-dipole interaction was computed for crystals of the 
rare gases using accepted values of V, ro, and a, and 56.69 for the 
sum of Wo’’’/K. From the results of Table I it is noted that the 


TABLE I, Triple-dipole interaction for crystals of rare gases. 











Lattice sum of Wo’”’ Heat of 
(repulsion) sublimation 
Element kcal./mole kcal./mole 
Neon 0.0090 0.51 
Argon 0.093 1.86 
Krypton 0.229 2.57 
Xenon 0.335 . 3.59 








triple-dipole interaction amounts to two to nine percent of the 
cohesive energy for most rare gas solids. 

It seems unlikely that the difference in the triple-dipole inter- 
action for the f.c.c. compared to the h.c.p. lattice, a difference less 
than a ten-thousandth of the cohesive energy, can explain the 
stability of the f.c.c. lattice for the rare gas elements. Details of 
this work will be published later. 


1B. M. Axilrod and E. Teller, J. Chem. Phys. 11, 299 (1943). 

2 The equation for Wo’” in reference 1 was incomplete in that the factor % 
had not been determined. In March, 1948, a letter was received from Mr. 
Yosio Muto of Japan who had also worked out the triple-dipole interaction. 
Mr. Muto’s result for Wo’” appeared to be in agreement with (2a). 

3 The dipole-dipole interaction energy is approximately —}(Va*/R®) for 
like atoms. 

4 Handbook of Chemistry and Physics (1945). 

5 F, London, Trans. Faraday Soc., 32, 8 (1937). 

6 Lennard-Jones, Proc. Roy. Soc., A107, 636 (1935). 

7M. Goeppert-Mayer and G. Kane, J. Chem. Phys. 8, 642 (1940). 

8 These calculations were made by the Computation Laboratory of the 
National Bureau of Standards, New York City, under sponsorship of 
the ONR. 





The Sodium (?P) Photo-Sensitized Decomposition 
of Ethane* 


G. L. Leet AnD D. J. LERoy 
Department of Chemistry, University of Toronto, Toronto, Canada 
October 19, 1949 


HE excitation energy of the sodium (?P) states is approxi- 
mately 48.3 kcal.; the heat of formation of gaseous sodium 
hydride from the atoms is in the range 47! to 51.6 kcal. It might be 
expected, therefore, that, provided sodium hydride were formed, 
Na(?P) atoms could sensitize the decomposition of hydrocarbons 
having C—H bond strengths not exceeding 95.3 to 99.9 kcal. The 
analogous reaction is known to occur with Cd(*P1) atoms,* for 
which the excitation energy is 82.9 kcal. and the heat of formation 
of the hydride is 15.6 kcal.; in this case cadmium hydride bands 
were detected by resonance fluorescence.‘ Jungers and Taylor’ 
made an unsuccessful attempt to sensitize the polymerization of 
ethylene with Na(?P) atoms, but it seemed reasonable to assume 
that their negative result was, by analogy with the data on 
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Cd(#P;) and the lower olefins, due to the dissipation of the 
electronic energy of the excited atoms in the double bond. 

We now wish to report that a sensitized decomposition of ethane 
cannot be accomplished with Na(?P) atoms. A total of seventeen 
experiments were performed at temperatures ranging from 228° to 
292° and with ethane pressures from 18 to 118 mm. The sodium 
was distilled into the cell under high vacuum conditions in order to 
remove as much hydrogen as possible. From the data of Norrish 
and Smith’ the quenching efficiency of hydrogen is approximately 
117 times that of ethane. Purified ethane was admitted at the re- 
quired pressure, frozen with liquid air, and the cell sealed off. In 
this way the whole of the cell volume could be kept at the temper- 
ature of the furnace to avoid distillation of the sodium to a cold 
zone with a consequent decrease in its partial pressure. In some 
experiments the sodium Lab Arc was placed outside the furnace 
and the light was admitted through a window; in other experi- 
ments the emitting portion of the lamp was inserted into the 
furnace where it entered a Dewar-shaped cell to take full ad- 
vantage of the light intensity. The D lines were sufficiently narrow 
to be almost completely absorbed by the sodium vapor in the cell. 
The duration of illumination varied from three to 120 hours, after 
which the cell was sealed to the analysis apparatus and the gas 
removed through a break-off valve. 

In most of the experiments the hydrogen recovered amounted to 
about 1.5 percent or less. The only other product consisted of less 
than one percent of a fraction having a vapor pressure of 0.1 mm 
at —32°C, but the same material was found without illumination, 
both in the presence and in the absence of sodium. It can be con- 
cluded, therefore, that no photo-sensitized decomposition occurred. 

The values quoted for the C—H bond strength in ethane range 
from 96.8 to 98 kcal.® If the larger value for the heat of formation 
of sodium hydride is correct the reaction would be exothermic; for 
the smaller value it might be endothermic by as much as 2.7 kcal. 
scarcely enough to preclude reaction at the temperatures used. It 
can probably be concluded that a quenching process resulting in 
the formation of sodium hydride would involve a considerable 
activation energy. 

Although, energetically, the dissociation of hydrogen by Na(?P) 
atoms is less favorable than that of ethane, a number of experi- 
ments were performed with hydrogen-ethane mixtures. If atomic 
hydrogen had been produced, products such as methane would 
undoubtedly be formed. However, the results were again negative. 


* This research was supported by a grant from the Advisory Committee 
on Scientific Research, University of Toronto. 

+t Present address: Department of Chemistry, University of Colorado, 
Boulder City, Colorado. 
1947). G. Gaydon, Dissociation Energies (Chapman and Hall, Ltd., London, 
2F, R. Bichowsky and F. D. Rossini, Thermochemistry of Chemical Sub- 
stances (Reinhold Publishing Corporation, New York, 1936). 

3 E. W. R. Steacie and R. Potvin, J. Chem. Phys. 7, 782 (1939). 
4E. W. R. Steacie and D. J. LeRoy, J. Chem. Phys. 12, 34 (1944). 
6 C. Jungers and H. S. Taylor, J. Chem. Phys. 4, 94 (1936). 
D. J. LeRoy and E. W. R. Steacie, J. Chem. Phys. 10, 683 (1942). 

one ti R. GW. Norrish and W. MacF. Smith, Proc. Roy. Soc. (London) A176, 

8 E. W. R. Steacie, Atomic and Free Radical Reactions (Reinhold Publish- 
ing Corporation, New York, 1946). 





The Kinetics of the Pyrolysis of Allyl Bromide 


ALLAN MACCOLL 


Sir William Ramsay and Ralph Forster Laboratories, University College, 
London, England 


July 20, 1949 


HERE are three main processes by which the pyrolysis of 
organic bromides may occur. First, a direct unimolecular 

split into HBr and an olefin as observed by Kistiakowsky and 
Stauffer! in the case of tert.—butyl bromide. Second, a breaking 
of the C—Br bond, leading to a bromine atom, which may further 
interact with the system leading to HBr and an olefin by a non- 
chain, radical mechanism. This behavior has been postulated by 
Daniels** and his co-workers in the case of ethyl bromide. 
Third, the bromine atom may participate in the propagation of 
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long chains. The behavior of methyl bromide, investigated by 
Meissner and Schumacher’ is suggestive of such a mechanism. The 
case of allyl bromide is of particular interest, since the stability due 
to resonance of the allyl radical should facilitate the breaking of 
the C—Br bond. 

Investigation has sho wn that essentially all the HBr is elimi- 
nated from allyl bromide and that the ratio of the final to initia] 
pressure is about 1.5. The reaction is homogeneous and first-order 
rate constants calculated from both analytical and pressure results 
are in good agreement. However, it is found that as the initial 
pressure of allyl bromide is reduced below about 300 mm, the 
constants fall. Oxygen, nitrogen, and propylene have no influence 
on the rate, but hydrogen is capable of restoring the low pressure 
rate to its high pressure value. 

In view of these observations it would appear that the pyrolysis 
of allyl bromide takes place by the initial step 


o~ 
C;H;Br—>CH2— CH— CH.2+ Br 


and by a Lindemann mechanism. The rate constant in the range 
320-380°C can be represented by the expression 


k=2.11 X10!e745, 500/RT sec —1, 


The Anhenius plot is shown in Fig. 1. Each point represents the 
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Fic. 1. Plot of logK X105 against 1/T. 
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mean of about six runs. The activation energy of the reaction, is in 
excellent agreement with the bond dissociation energy of C— Br in 
allyl bromide suggested by Roberts and Skinner.’ This value is 
derived from a measurement of the heat of formation of allyl 
bromide, together with the heat of formation of the allyl radical as 
determined by Szwarc® from the pyrolysis of propylene. 

Using the Bichowsky and Rossini? data for the heat of formation 
of CH;Br and that of Kistiakowsky et al. for the C—H bond dis- 
sociation energy in CH,, the value 67.3 kcal. may be arrived at for 
the C—Br bond dissociation energy in methyl bromide. The 
difference between the value for methyl bromide and that for allyl 
bromide is not directly comparable with the quantum-mechanical 
calculation of the resonance energy of the allyl radical, because of 
the neglect of the difference in the energies of reorganization of the 
two radicals. 

A fuller account of this work will shortly be presented elsewhere. 


1 Kistiakowsky and Stauffer, J. Am. Chem. Soc. 59, 165 (1937). 

2 Lessig, J. Phys. Chem. 36, 2225 (1932). 

3 Vernon and Daniels, J. Am. Chem. Soc. 55, 922 (1933). 

4Fugani and Daniels, J. Am. Chem. Soc. 60, 771 (1938). 

5 Daniels and Veltman, J. Chem. Phys. 7, 756 (1939). 

6 Meissner and Schumacher, Zeits. f. physik. Chemie 185, 435 (1940). 

7 Roberts and Skinner, Trans. Faraday Soc. 45, 339 (1949). 

8 Szwarc, J. Chem. Phys. 17, 284 (1949). 

9 Bichowsky and Rossini, The Thermochemistry of Chemical Substances 
(Reinhold Publishing Corporation, New York, 1936). 





The Vibrational Spectra and Structure of the 
Aluminum Hydride Ion 


ELutis R. LIPPINCOTT 


Department of Chemistry, University of Connecticut, Storrs, Connecticut, 
and Spectroscopy Laboratory, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


October 28, 1949 


ler chemical and physical properties of lithium borohydride 
(LiBH;) and lithium aluminum hydride (LiAIH,) suggest 
the presence of the BH, and AIH, ions in their respective 
crystals.1~3 In order to determine if the AJH, ion exists in solution, 
the infra-red and Raman spectra of a 1.28 m solution of LiAlH, in 
diethyl ether have been studied. The sample of LiAIH, used in this 
work was obtained from the Metal Hydrides Corporation and had 
a purity of 96 percent. The transparent ether solution was prepared 
by refluxing the solid with anhydrous ether for several hours 
followed by decantation after the undissolved solid material had 
settled to the bottom of the container. Samples were pipetted 
under anhydrous conditions into Raman tubes and sealed before 
hydrolysis by atmospheric water vapor occurred. A similar pro- 
cedure was used in filling the infra-red absorption cells. 

The infra-red spectrum of the solution was obtained on a 
Beckman IR-2 infra-red spectrometer in the region 3u to 15. The 
absorption peaks of the solute were obtained by subtracting the 
peaks due to the ether from those of the solution. By this procedure 
the infra-red spectrum was found to consist of two intense bands, 
with peaks at 764 and 1740 cm™. Both bands were broad. No 
weaker bands were observed although it is conceivable that some 
could be hidden under ether absorptions. The band at 1740 cm™ 
has some asymmetry. 

The Raman spectrum was obtained using a three-prism Zeiss 
instrument with a camera lens of aperture number 4.5. The plate 
factor at 4500A was 30A/mm. The excitation unit has been 
described elsewhere.‘ Its main features are six AH2 General 
Electric lamps, six elliptical reflectors, and a filter cell at the center 
of which is located a 5 ml Raman tube. The 4358A mercury line 
was used for excitation. The 4047A mercury line was removed 
using a filter solution of saturated sodium nitrite. Solutions of 
thodamine 5D GN extra (0.01 g/l) and praseodymium chloride (75 
Saturated) were used through a thickness of 1 cm to cut down the 
continuum above 4358A. Several Raman spectra were taken on 
various samples before one sufficiently free of a continuum was 
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obtained. On the best two plates exposure times of two hours were 
used. The Raman shifts of the solute were obtained by subtracting 
those due to ether from those of the solutions. The results are 
summarized in Table I. The reality of the 769-cm™ line may be 


TABLE I. Raman and infra-red data and assignments for 
the aluminum hydride ion. 











Raman I Infra-red I Assignment Symmetry 
769 (1) 764 (5) v4 Fe 
799 (2) v2 E 

1741 (2) 1740 (5) v3 Fe 
1790 (3) v1 Ai 








questioned because of its intensity and the continuum on the plate, 
but its coincidence with the broad infra-red band at 764 cm™ 
suggests that it is real. 

Although rigorous selection rules derived for gases do not 
necessarily hold for substances in solution, the four Raman and 
two infra-red bands observed and the coincidence of the infra-red 
bands with two Raman bands are consistent with a tetrahedral 
model for the AIH, ion in solution. The broadness of the infra-red 
bands is probably due to the partial splitting of the triply de- 
generate modes of vibration by liquid forces. 

Force constants for the stretching and bending vibrations of the 
AIH; ion have been calculated using a simple valence force 
model. The values calculated for k and ké/e* are, respectively, 
1.89 and 0.126-105 dynes/cm. Since the valence force model in- 
volves two force constants, there are two independent relations 
between the four frequencies which may be used as checks on the 
model. Table II gives calculated and observed values for \3?+-A? 


TABLE II, Calculated and observed values for As-+A4 and v3v4/riv2 
assuming a simple valence force potential. 








Observed Calculated 
2.14°10° dynes/cm 


0.93 0.88 





Ast+A4 2.26 -105 dynes/cm 


vaV4 


Viv2 








and v3v4/v1v2. The agreement is good for a simple valence force 
model, the percentage error being less than the corresponding error 
for a number of other tetrahedral molecules and ions.® 


1 Schlesinger and Brown, J. Am. Chem. Soc. 62, 3429 (1940). 

2 Fenholt, Bond, and Schlesinger, J. Am. Chem. Soc. 69, 1199 (1947). 

3 Smith, Sci. Progress 35, No. 139, 515 (1947). 

4 Harrison, Lord, and Loofbourow, Practical Spectroscopy (Prentice-Hall, 
Inc., New York, 1948). 

5G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules 
(D. Van Nostrand Company, Inc., New York, 1945), p. 182. 





A Note on Temperature and the 
Recombination Coefficient 


N. C. GERSON 
Air Force Cambridge Research Laboratories, Cambridge, Massaciusetts 
November 12, 1949 


| eee of the type 
a=AT’, 


where a=recombination coefficient (cm/sec.),! T=temperature 
(°K), and A = dimensional constant have been postulated on many 
occasions. In early studies on air, carbon dioxide and hydrogen, 
Erikson** obtained values which indicate that the exponent 
—2.5¢r<—2.2 when T varies from 90°K to 450°K. However, in 
Erikson’s results, A constant. At about the same period Phillips 
experimentally found r= —2.2 for air at constant pressure in the 
temperature range from about 80°K to 500°K. At low pressures 
Thomson and Thomson‘ theoretically indicate that r= —3. On the 
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Fic. 1. Plot of a versus T. Amount of oxidation for various concentrations. 


basis of statistical equilibrium, Milne’ showed that r= — 3 when 
T=Te, the electron temperature. Similar results were obtained by 
Tukada,’ by Yamonauchi and Kotani’ and by Hulbert.’ Bates and 
Massey® indicate that r=— $ under ionospheric conditions. 
Thomson found that r= —5/2 at low pressures and r= — 3 at high 
pressures. Loeb? indicates that for ionospheric work, r= +4. 

Amidst the confusion of the above results, it is interesting to 
note a new value of r which may be obtained from the accompany- 
ing figure. Employing data recently computed by Bates and 
collaborators, a graph of @ versus T was plotted. It is readily 
apparent that in the temperature range 250°K to 8000°K, the 
value r= — } applies. The complete expression obtained from the 
figure is a==2.43 X 10~10T—0.788, 


1 Phillips, Proc. Roy. Soc. A133, 246 (1910). 
? Erikson, Phil. Mag. 18, 328 (1909), 
3 Erikson, Phil. Mag. 23, 747 (1912). 
4J. J. Thomson and G. P. Thomson, Conduction of Electricity Through 
Gases (Cambridge University Press, London, 1928), p. 50. 
5 E, A. Milne, Phil. Mag. 47, 209 (1924). 
6 T, Tukada, Rept. Radio. Res. Japan 7, 121 (1937). 
nals Yamonouchi and M. Kotani, Proc. Phys. Math. Soc. Japan 22, 61 
19 “7 
O. Hulbert, Terrestrial Magnetism and eony (McGraw-Hill 
Book ‘Company, Inc., New York, 1939), Vol. 8, p. 
. R. Bates and H. S. W. Massey, Proc. Roy. na "A187, 261 (1946). 
ey J. Thomson, Phil. Mag. 47, 337 (1924). 
uL. B. Loeb, Fundamental Processes of Electrical Discharges Through 
Gases (John Wiley and Sons, Inc., New York, 1939). 
( — Buckingham, Massey, and Unwin, Proc. Roy. Soc. A170, 322 
1939), 





The Entropy and Configuration of Methylhydrazine 


G. J. JANz AND K. E. RUSSELL 


The School of Chemistry and Physics, Pennsylvania State College, 
State College, Pennsylvania 


October 3, 1949 


HE theoretical treatment of Penney and Sutherland! indi- 
cates that the most stable form of hydrazine should be a 

skew form as opposed to the symmetrical frans configuration. The 
recent entropy study on this compound by Scott, Oliver, Gross, 
Hubbard, and Huffman? is in accord with this. The present com- 
munication concerns methylhydrazine which is theoretically 
capable of existing in a trans form and two skew forms as shown in 
Fig. 1. It is possible to investigate the number of forms present by 
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Fic. 1. End-on view of methylhydrazine. I—Trans-form. II—‘‘Outer’’ skew 


orm. III—‘Inner’’ skew form. 
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a comparison of experimental and calculated entropies of the ideal 
gas. The results of such an investigation*® together with evidence 
from dipole moment data are reported in this letter. A summary of 
the experimental results is given in Table I. 


TABLE I, 














E.U./ ‘Mole 
0-15°K Debye function (@ =193, six degrees of freedom) 0. 073 ; 
15-220.79°K (graphical) 18.780 
Fusion (2490.5/220.79) 11.279 
220.79-298.16°K (graphical) 9.530 
Entropy of liquid at 298.16°K 39.662 +0.07 
Vaporization (9650.3/298.16) 32.366 +0.11 
Entropy of real gas at 298.16°K /49.6 mm. 72.028 40.18 
Entropy of ideal gas 72.036 +0.18 
Compression R 1n(49.6/760) —5.423 +0.02 
Entropy of ideal gas at 298.16°K/760 mm. 66.61 +0.20 











Possible residual entropy at absolute zero has been neglected.? 
The results of calculations of the entropy from molecular structure 
and spectroscopic data are given in Table II for an equimolal 
mixture of the two optical isomers of the “‘outer’” skew form. 


TABLE II. 








S°® translational 37.393 

S° ext. rot. 22.094 

S® vibrational 1.418 

S® int. rot. (CHs and NHo2) 3.751 

S°® mixing (2 o. isomers) 1.379 
Total entropy (ideal gas, 298.16°K/760 mm.) 66.04 e.u. 








The vibrational entropy contribution was calculated using an 
assignment made on the basis of work done by Kahovec and 
Kohlrausch‘ and of infra-red and Raman studies in this college. 
The entropy contributions for restricted internal rotation were 
taken from the tables of Pitzer and Gwinn,® barriers of 3200 
cal./mole for the methyl group (CH; vs. NHNHz2) and 3000 
cal./mole for the amino group (NH2 vs. NHCHs3) being taken as 
best values. The symmetry of the potential energy barrier of the 
NH¢ group is assumed very nearly a symmetrical threefold cosine- 
type.4? While from stereochemical considerations one would expect 
the “outer” form to be more stable than the “inner,” one would 
expect a certain percentage of each of the two optical isomers of the 
“inner” form in the equilibrium mixture. In keeping with this, the 
experimental and calculated entropies reported above are brought 
into agreement if methylhydrazine be assumed to consist only of a 
mixture of 92 mole percent and 8 mole percent of the “outer” and 
“inner” forms respectively (entropy of mixing, 0.57 e.u.). This 
result gives a value of Ey between the “outer” and “inner’’ forms as 
calculated from the relationship: 


vee 
N (outer) 


It is evident that the above conclusions are dependent on the 
barriers hindering the internal rotation of the methyl and amino 
groups. Only if the barriers are chosen as 2700 cal./mole and 2050 
cal./mole for the methyl and amino hindered rotation respectively 
(and these are reasonable minimum values corresponding to 
S° int. rot., 4.32 e.u.) does the entropy calculated for the “outer” 
isomers alone correspond to the calorimetric entropy (i.e., the 
“inner” and trans structures are not allowed). Again if the barriers 
are 3500 and 3400 cal./mole respectively for the methyl and amino 
groups (which are probably maximum values, giving S° int. rot. as 
3.41 e.u.) the calculated entropy is in agreement with the experi- 
mental value if methylhydrazine vapor consists of a mixture of 84 
mole percent of the “outer” form and 16 mole percent of the 
“inner” form (entropy of mixing, 0.91 e.u.), the Eo between these 
being then about 1000 cal./mole. 


Ey=—RT In of about1450 cal./mole. 





Th 
may 
result 


“Tnne 


The « 
less tl] 
there: 
hydra 
methy 

Th 
out o1 
direct 
sough 


1 Pe 


The 


It 
on 
accoul 
polyer 
proxin 
potent 
At poi 
the ur 
energy 
molec 
field o 
and th 
are ne{ 
carbor 
zi 
curve 
beyons 
assum| 
An 
curve 
Southy 


4 


Fic. 1, | 





e ideal 
‘idence 
lary of 











lected. 
ructure 
1imolal 
m. 





sing an 
ec and 
college. 
n were 
yf 3200 
d 3000 
iken as 
- of the 
cosine- 
| expect 
» would 
s of the 
his, the 
yrought 
nly of a 
er”” and 
). This 
orms as 


on the 
| amino 
ad 2050 
sctively 
ling to 
“outer” 
.e., the 
barriers 
1 amino 
. rot. as 
experi- 
re of 84 
of the 
n these 


LETTERS TO 


The dipole moments were calculated assuming the net moment 
may be compounded vectorially from the bond moments. The 
results are summarized below: 


“Inner” configuration “Outer” configuration Observed moment® 
w=1.13D. w=1.91D. w= 1.68+0.14D. 


The dipole moment calculated for the érans-configuration is even 
less than that for the “‘inner’’ skew configuration. These results are 
therefore in accord with the entropy study, namely that methyl- 
hydrazine exists predominantly in the skew “outer” form with its 
methyl group farthest from the hydrogens of the NH2 group. 

This is a preliminary report of part of the program being carried 
out on Contract N6onr 269, Task Order ITI of the ONR under the 
direction of Professor J. G. Aston whose advice we have frequently 
sought in these calculations. 


1 Penney ae Serene, Trans. Faraday Soc. 30, 902 (1934); J. Chem. 
Phys. 2, 492 (1934). 

2Scott, Oliver, Gross, Hubbard, and Huffman, J. Am. Chem. Soc. 71, 
2203 (1949). (These authors kindly supplied us with a copy of their manu- 
script prior to publication.) 

3 Aston, Fink, Janz, and Russell (to be published). 

4 Kahovec and Kohlrausch, Zeits. f. physik. Chemie B38, 96 (1938). 

5 Pitzer and Gwinn, J. Chem. Phys. 10, 428 (1942). 

6 Ulich, Peisker, and Audrieth, Ber. d. d. chem. Ges. B68, 1677 (1935). 





The Potential Energy in Conjugated Polyenes and 
the Effective Nuclear Charge of 
the Carbon Atom 


NOEL S. BAYLIss 


Department of Chemistry, University of Western Australia, 
Nedlands, West Australia 


July 18, 1949 


T has been shown recently by the author! and others*? that a 


one-dimensional free electron model for the z-electrons can 
account for the positions and intensities of absorption bands in 
polyenes and polymethines. Retaining the one-dimensional ap- 
proximation, the model can be refined by considering the actual 
potential energy along the axis of a polyene molecule (Fig. 1(a)). 
At points “outside” the molecule, the z-electron is in the field of 
the unit charge +e of the rest of the molecule, and its potential 
energy is —e?/r, where r is its distance from the center of the 
molecule. At points “inside” the molecule, the z-electron is in the 
field of the nuclei shielded by the electrons of the inner K shells 
and the ¢ bonds, and also by the other z-electrons. If the hydrogens 
are neglected and an effective nuclear charge Z’¢ is assigned to each 
carbon, the potential energy at a point inside the molecule is 
D;(—Z’e?/r;) where r; is the distance to the 7th carbon. The inside 
curve must be joined smoothly to the outside portions at points 
beyond the end carbons at a distance we have rather arbitrarily 
assumed to be about 0.5A. (See Fig. 1(b).) 
A numerical solution of the Schroedinger equation for a potential 
curve expressed graphically as in Fig. 1(b) can be obtained by 
Southwell’s relaxation method‘ and leads to values for both the 


Fic. 1, Model and potential function with ionization potential I and main 
absorption band, 
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position of the main absorption band v and the ionization energy / 
(Fig. 1(b)). Mr. J. C. Riviere of this department has carried out the 
calculations for butadiene, and after some trial and error found 
that the experimental v and J data® require that Z’=1.2. 

Figures 2 and 3 show two simpler approximations to the po- 
tential energy, 2 being a rectangular potential well of width X and 
depth Vo, and 3 has the form V = — Vo sin*(xx/X). The first can be 
solved by the potential staircase method, and the second in terms 
of Mathieu’s equation. In each case the experimental v and J data 
determine X and Vo uniquely. Figures 2 and 3 show to scale the 
comparison in each case with the calculated Fig. 1(b) curve for 
butadiene. We have made similar comparisons between the three 
types of curve for hexatriene and octatetraene (but without 
carrying out the relaxation calculations) using the v and J data 
quoted by Price and Walsh‘ and in each case the value Z’~1 is 
required to secure reasonable matching. 

The Zener-Slater value® of Z’=3.2 for a carbon atom is based on 
the equivalence of the 2s and 2 electrons. In a double-bonded or 
conjugated compound, the o- and 7-electrons are not equivalent. If 
one assumes the z, o and K electrons in butadiene to be in suc- 
cessive shells, and if Slater’s’ shielding constant of 0.35 is adopted 
for electrons in the same shell, and 0.85 and 1.00 for successive 
inner shells, the total shielding towards one z-electron in butadiene 
is (3X0.35)+(120.85)+ (8X 1.00) = 19.25, leaving an effective 
charge of 4.75 for four nuclei, or Z’=1.i9 per nucleus. This good 
agreement with the value obtained above may be fortuitous, and 
may not be retained if it were possible to carry out a proper three- 
dimensional potential energy calculation. It does however suggest 
the need to re-examine the proper value of Z’ to be used in calcu- 
lations on the z-electrons in double-bonded compounds. 


1N.S. Bayliss, J. Chem. Phys. 16, 287 (1948). 
( 2H. Kuhn, J. Chem. Phys. 16, 840 (1948); Helv. Chim. 
1948). 

3W. T. Simpson, J. Chem. Phys. 16, 1124 (1948). 

4R. V. Southwell, Relaxation Methods in Theoretical Physics (Oxford 
University Press, New York, 1946). 

5 W. C. Price and A. D. Walsh, Proc. Roy. Soc. A185, 182 (1946). 

6C, Zener, Phys. Rev. 36, 54 (1930); J. C. Slater, Phys. Rev. 36, 58 


(1930). 
7J. C. Slater and N. H. Frank, Introduction to —_——— Physics 
(McGraw-Hill, Book Company, Inc., New York, 1933), p. 
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Energy Differences in Liquid Dichloro- and 
Dibromoethane Rotational Isomerism VI* 


D. H. Rank, R. E. KAGARISE, AND D. W. E. AxForp 


Spectroscopy Laboratory, Physics Department, Pennsylvania State College, 
State College, Pennsylvania 


October 3, 1949 


ECENTLY a number of papers have appeared on the subject 
of rotational isomerism in dichloro- and dibromoethane.!-* 
Previously Gerding and Meerman‘ had made measurements on the 
energy difference of the rotational isomers in the liquid state by 
means of the Raman effect. The above authors‘ have found that 
AH~ for liquid dichloroethane. Bernstein? working with the 
infra-red spectrum of the gas has shown that AH = 1325+-50 cal. 
per mole. Mizushima et al.* have reported results which agree with 
those of Bernstein? on gaseous dichloroethane. The above authors? 
also obtain a result of similar magnitude for gaseous dibromo- 
ethane, which result surprisingly agrees with the value of AH 
found by Gerding and Meerman‘ for liquid dibromoethane. The 
results obtained by the above mentioned authors? yield a value of 
AH for both gaseous dichloro- and dibromoethane which is sub- 
stantially the same, and in agreement with the value obtained 
from dielectric constant measurements of the gas. 

As stated previously, the value Gerding and Meerman obtained 
for liquid dichloroethane was AH~0. Mizushima ef al. report a 
small but definite value for AH from their measurements on liquid 
dichloroethane. 

The surprising situation exists that these two very similar 
molecules behave so differently with regard to variation of relative 
intensity of line pairs with temperature in the liquid state, while in 
the gaseous state the behavior of the two molecules is identical. 

Making use of direct photoelectric measurement of intensities, 
we have repeated the measurements on the Raman spectra of 
liquid dichloro- and dibromoethane. From a large amount of previ- 
ous work in this laboratory it is well known that the precision of 
intensity measurements on Raman lines is very much greater with 
the photoelectric spectrograph than can be obtained by the 
methods of photographic photometry used by authors given in 
references 3 and 4. 

Dichloroethane. We have made measurements on the relative 
intensity of the line pair Ayv=653 and 753 cm, which is the same 
line pair as used in both previous investigations** on dichloro- 
ethane. Measurements were made at 278° and 369°K. At 278°K we 
obtain [7(653)/I(753) ]=0.813 with a mean deviation over ten 
determinations of +0.004 and a maximum deviation of 0.013. At 
369°K we have obtained the above mentioned intensity ratio, the 
mean of ten determinations to be 0.780 with a mean deviation of 
+0.007 and a maximum deviation of 0.012. To all intents and 
purposes these measurements seem to show no variation of in- 
tensity ratio of this line pair with temperature, in agreement both 
qualitatively and quantitatively with the result obtained by 
Gerding and Meerman.‘ (The mean value obtained by Gerding and 
Meerman was 0.78. Mizushima ef al.* have quoted the intensity 
ratio of this line pair at 298°K to be 0.56 and at 423°K to be 0.50. 
These last mentioned results do not agree with our results or those 
of Gerding and Meerman and also do not agree with the general 
frequency and intensity Table I of reference 3.) 

The result of our measurements is to show, in agreement with 
Gerding and Meerman, that AH in the liquid for dichloro- 
ethane ~0. 

Dibromoethane. In the case of this molecule the line pair used by 
Gerding and Meerman‘ (Avy=552 and 660 cm™) is less favorable 
for photographic photometry than the previous case of the 
dichloro compound, as [7(552)/7(660) }~0.10. We have obtained as 
the mean of ten determinations at 293°K, [7(552)/I(660) ]=0.128 
with a mean deviation of +0.001 and maximum deviation of 0.003. 
At 371°K we have found the intensity ratio of this line pair to be 
0.167 as the mean result of ten determinations with a mean 
deviation of +0.002 and a maximum deviation of 0.005. Making 
use of the mean deviation, we obtain AH =740+80 cal. per mole. 
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If we use the maximum deviation the error will be +120 cal. per 
mole. In any event, it is impossible to reconcile our value with the 
value of 1385 cal. per mole obtained by Gerding and Meerman! 
which was in substantial agreement with the values obtained by 
Mizushima et al.* from infra-red measurements made on the vapor, 

Dilution of the dibromoethane with a solvent would be expected 
to bring its behavior closer to that of the gas. However, in dealing 
with the Raman effect the manageable degree of dilution obtain- 
able consistent with accurate intensity measurement would be 
small. We have repeated our intensity measurements on the line 
pair mentioned above with a solution of one part by volume 
dibromoethane in 3 parts of CCly. The result of this experiment 
was that the AH obtained was 580+100 cal. per mole which is in 
substantial agreement with the value we have obtained for the 
pure material. It seems that this degree of dilution is insufficient to 
bring about a marked difference in behavior from that of the pure 
liquid. 

It should be noted that extremely high accuracy in determining 
AH by the above mentioned method is not easy since the intensity 
ratio of the line pair used is approximately 10 to 1. However, it 
seems beyond the realm of doubt that our experiments with both 
liquid dibromoethane and dichloroethane show that behavior in 
the liquid state does not furnish a reliable measure of the energy 
difference of the rotational isomers. The influence of change of 
state of aggregation on the value obtained for AH for dibromo- 
ethane while not as great as for the dichloro compound, is different 
only in magnitude and not in kind. 

In addition, it should be remarked that in the dilute solution 
[7(552)/I(660)] at 288°K was measured to be 0.085, while in the 
pure material this quantity had a value of 0.128. The reason for the 
apparent change in population of the rotational isomers in solution 
must await further investigations concerning the influence of 
solvent solute interaction on the molecular polarizabilities. 

Our experiments on diluted dibromoethane largely were the 
outcome of private discussion (Axford) with Dr. H. J. Bernstein 
who has recently carried out extensive investigations in the infra- 
red on the influence of dilution on energy differences between 
rotational isomers. 


* This research was carried out on Contract N6éonr-269, Task V of the 
NR 


1H, J. Bernstein, J. Chem. Phys. 17, 258 (1949). 

2H. J. Bernstein, J. Chem. Phys. 17, 262 (1949). 

3 Mizushima, Morino, Watanabe, Simanouti, and Yamaguchi, J. Chem. 
Phys. 17, 591 and 663 (1949). 

4H. Gerding and P. G. Meerman, Rec. Trav. Chim. 61, 523 (1942). 





Vibration Potential Function and Structure of NH; 
and AsH; Molecules 


JuLES DUCHESNE AND IVAN OTTELET 


Department of Chemical Physics, Institute of Astrophysics, 
University of Liége, Belgium 
October 24, 1949 


N a recent letter to the Editor of this Journal, one of us with A. 
Monfils' has suggested that the length-length cross term is 
always negative when the bonds to which it refers are adjacent and 
contain at least one hydrogen atom. Essentially the same idea has 
just been put forward by Linnett and Hoare.? The purpose of this 
note is, in particular, to carry further in a more precise form our 
previous suggestions taking into account the results of the study of 
appropriate molecules (NH; and AsHs). 

The vibration spectra of the NH; and AsH; molecules and of 
their fully deuterated derivatives have been completely analysed 
recently. Not only is the assignment of the fundamental fre- 
quencies well known, but it has also been possible to determine the 
zeroth-order frequencies. These data provide the possibility of 
computing the most general potential function describing the 
molecular movements. We have chosen a force field the expression 
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of which is given in terms of valency-deformation and interaction 
forces. If J; and 0; are the bond lengths and angles, it may be 
written 


2U=fi Z (Al;*)w+fe Z Al:Al;+ gol? J (AO; ;?) wt gal? Z AO; ; AO 
+ gs) p> Al;A6 jx+- gol >> [A0;;+A0;x JAl;. 


Al; and A6;; are respectively the changes of the NH and AsH bond 
lengths and of the H—N—H and H—As—H angles from their 
equilibrium position. The determinantal equation corresponding to 
that potential gives relations which have been computed by de 
Hemptinne and Delfosse.* On the assumption that the potential is 
the same in the hydrogenated and deuterated compounds, the force 
constants in the potential can be calculated with the harmonic 
frequencies. From these, if we use for the dimensions of the 
molecules the values given by Dennison* and McConaghie and 
Nielsen,? we obtain f;=7.171; f2=0.074; g2=0.612; gs= —0.087; 
gs= 0.291; 96=0.436 for NH; and f;= 2.878; f2= —0.032; g.=0.301; 
gs= —0.018; g5= —0.276; ge=0.305 for AsH;. Every constant is 
expressed in units 10 dynes/cm. 

Both series of figures show some striking features. The magni- 
tude of the cross terms is not at all negligible as compared with 
valency forces, in spite of the fact that we are dealing with 
hydrogenated bonds. Among these forces, however, the length- 
length cross term f2 is small, whereas the length-angle cross term ge 
is rather large. It may be worth while noticing that the relative 
smallness of f2 seems a general property of hydrogenated bonds 
(CH4, CoHs, H2O, NH;, AsH;). As the cross terms measure the 
influence on one bond of a change in another bond or angle, they 
certainly arise from the hydrogen-hydrogen interactions and from 
the changes of hybridization at the central atom. One of the main 
points is concerned with the change of the sign of f2 in NH;(+) 
and AsH;(—). This fact presumably depends upon the influence of 
hybridization which plays a greater part in the former than in the 
latter. So the positive contribution of hybridization to f2 would 
offset the negative contribution due to the H—H interactions in 
NH;. Moreover, we have new evidence that the repulsive atom- 
atom interaction, which is the main factor in AsHs3, gives rise to a 
negative sign. Consequently, for molecules without resonance® 
and especially in case of hydrogenated bonds, the length-length 
cross term is expected to be negative (HO, H2S, HCN, C2H2, 
AsH;). It may however occur that the cross term becomes positive 
either by an offsetting due to hybridization of the central atom in 
favorable conditions (NH3) or because the representative point 
of the atom-atom interaction is at the bottom of the atom-atom 
potential curve. The type of potential recently proposed by 
Duchesne and Monfils' is strongly supported by these results. A 
full account of this work will appear elsewhere. 


1J. Duchesne and A. Monfils, J. Chem. Phys. 17, 586 (1949). 
2 J. W. Linnett and F. M. Hoare, Trans. Faraday Soc. 45, 844 (1949). 
3D. M. Dennison, Rev. Mod. Phys. 12, 175 (1940); V. M. McConaghie 
and H. H. Nielsen, Phys. Rev. 75, 633 (1949). 
usaes de Hemptinne and J. M. Delfosse, Ann. Soc. Sci. Brux. 56, 373 
5 Coulson, Duchesne, and Manneback, V. Henri Mém. Vol., Desoer, 
Liége (1948). 





Molecular Structure of Methylbromosilanes 
Kazuo YAMASAKI, AKIRA KOTERA, MASATOKI YOKOI, 
AND MACHIO IWASAKI 


Chemical Laboratory, Science Faculty, University of Nagoya, 
Chikusa, Nagoya, Japan 


October 3, 1949 


ONOMETHYLTRIBROMOSILANE and dimethyldibro- 
mosilane were prepared by passing methyl bromide over 
heated silicon containing copper at 350°C.! Trimethylmono- 
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bromosilane was prepared by passing a mixture of methyl bromide 
and dimethyldibromosilane over heated aluminum at 350°C.? 

The molecular structures of these compounds revealed by 
electron diffraction experiments at 20-30°C are summarized in 
Table I. Assumptions made at the calculation are (1) C—H dis- 
tance 1.09A, (2) angle HCSi 109° 28’ and (3) staggered relative 
position of Br and H in CH. 











TABLE I,* 

Number 

of rings 
Compound observed Si-—Br si-—C BrSiBr CSiBr 
SiBra® — 2.15+0.02A —_— 109° 28’ — 
CH;SiBrs 12 2.17 +0.02 x 109° 28’ x 
(CH3)2SiBre 11 2.21 +0.03 1.92 +0.06A 109° 28’ x 
(CHs)sSiBr 9 2.21+0.03 1.86 +0.05 — 105° +4° 








* x means undetermined. 
® Spitzer, Howell, and Schomaker, J. Am. Chem. Soc. 64, 62 (1942). 


The Si— Br distance is shorter than the sum of the covalent radii 
of Si and Br, that is 2.31A.* The observed Si—Br distance in- 
creases with the substitution of Br by CHs and this means the 
decrease of double bond character of Si—Br bond. The same 
phenomena were observed in the case of silicon tetrachloride and 
methylchlorosilanes where the following Si— Cl distances were ob- 
served : SiC], * 2.01+0.02A, CH;SiCl; ® 2.01+0.02A, (CH3)2SiCl.® 
1.99+0.03A, (CH;3)3SiCl ® 2.09+-0.03A. 


1F. G. Rochow, J. Am. Chem. Soc. 67, 963 (1945). 

2—D. T. Hurd, J. Am. Chem. Soc. 67, 1545 (1945). 

3L. Pauling, Nature of the Chemical Bond (Cornell University Press, 
Ithaca, New York, 1940), p. 164. 

‘ — Kotera, Tatematsu, and Yokoi, J. Chem. Soc. (Japan) 69, 
104 (1948). 

5 L. O. Brockway and R. L. Livingston, J. Am. Chem. Soc. 66, 94 (1944). 

6 R. L. Livingston and L. O. Brockway, J. Am. Chem. Soc. 68, 719 (1946). 





The Effect of an Electric Field on the Thermal 
Conductivity of Glass 


C.iIFFoRD E. BERRY 
Consolidated Engineering Corporation, Pasadena, California 
October 3, 1949 


E have recently observed a phenomenon which is ap- 

parently little known and which may be of both theo- 

retical and experimental interest. The effect observed is an increase 

in the thermal conductivity of glass when a high potential gradient 
is applied across it. 

The experimental setup was made as follows: A pyrex insulator 
ring 7%"" long, ?’’ O.D., and with 7¢” wall thickness was clamped 
between two blocks of metal. The ends of the ring were highly 
polished as were the mating metal surfaces. One block of metal was 
maintained approximately at room temperature, while the other 
was heated to approximately 250°C by a tungsten heater. The 
assembly was operated in a vacuum of about 10-* mm Hg. 
Roughly # of the heat supplied to the heated block was conducted 


~ through the glass ring, the remainder being lost by radiation and 


by conduction through the electrical leads. The temperature of the 
heated block was measured with a thermocouple. 

With constant heater power, the following effects were observed : 

(1) Application of 3000 volts d.c. between the two blocks, with 
the heated block positive, caused a reduction in temperature of 
about 10°C, corresponding to a 4 percent increase in thermal 
conductivity. 

(2) With reversed polarity, i.e., the heated block negative, no 
effect was observed. 

(3) Using fused quartz in place of Pyrex, no effect was observed, 
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(4) Using Vycor, about half the effect noted with Pyrex was 
observed. 

(5) Using a Pyrex ring with one face relieved a few thousandths 
of an inch except for three small projections, no effect was ob- 
served when the projections were in contact with the heated block; 
however, the effect was not reduced when the projections were in 
contact with the cold block. 

In all cases, the leakage current was of the order of one micro- 
ampere. It is possible that if more sensitive measuring apparatus 
had been employed some correlation of the effect with the leakage 
current would have been noticed. 

The fact that the effect is polarity sensitive and that it depends 
on the contact area on the heated side suggests perhaps that it is 
related to the electrolytic action known to take place in glass. 
Since our efforts were aimed primarily at eliminating the effect in 
an existing piece of apparatus, rather than studying the effect per 
se, it is probable that more refined experiments would shed more 
light on the matter. 





The Infra-Red Spectra of Liquid and 
Solid Methane* 


ROBERT B. HOLDEN, WILLIAM J. TAYLOR, AND HERRICK L. JOHNSTON 


The Cryogenic Laboratory and the Department of Chemistry, 
The Ohio State University, Columbus, Ohio 
October 3, 1949 


HE infra-red absorption spectra of liquid and solid methane 

in the rock salt region have been obtained recently in this 

laboratory using the Perkin-Elmer Model 12-B infra-red spec- 

trometer. The purpose of this note is to describe these spectra 
briefly and to point out some of their more interesting features. 

These spectra have been obtained at sample thicknesses of 12, 
4, 0.4, and 0.1 mm in both the liquid and the solid. At the thickest 
of these sample layers the spectrum of the liquid consists simply 
of two regions which are completely absorbing, one from 1190 to 
1825 cm, and one from 2520 to 3340 cm. By using progressively 
thinner sample layers, these regions are resolved into relatively 
broad peaks at 2600, 2820 and 3015 cm™, and an even broader 
peak at 1300 cm™, this last peak having a small shoulder at 
1500 cm~. The spectrum of the solid presents absorption maxima 
at the same positions as those observed in the liquid, but the small 
shoulder appearing on the 1500 cm™ band seems to be somewhat 
diminished. However, it is difficult to obtain quantitative informa- 
tion in this region due to the interference of the atmospheric 
water vapor spectrum. These spectra were obtained at various 
temperatures ranging from 77°K to 100°K. All these frequencies 
may be correlated with absorption frequencies previously ob- 
served in the gas. 

Of particular interest is the shoulder at 1500 cm, which ap- 
parently corresponds to the “optically inactive” fundamental 
v2 which has only very recently been observed in the infra-red 
spectrum of the gas.! The weak activity of this mode in the infra- 
red absorption spectrum of the gas is due to a Coriolis interaction 
of v2 with the optically active fundamental »;. This mechanism 
may also be partially operative in the condensed phases, but the 
transition may also be allowed, particularly in the liquid, as a 
result of the disturbance of the strict tetrahedral symmetry of the 
molecule by neighboring molecules. 

These spectra were obtained with a variable-thickness trans- 
mission-type infra-red absorption cell and cryostat designed and 
constructed as a part of the low temperature spectroscopy pro- 
gram of this laboratory. Detailed descriptions of this apparatus 
and of the above reported spectra will be presented at a later date. 


* This work was supported in part by ONR under contract with the Ohio 
State University Research Foundation. 
1 John S. Burgess, Phys. Rev. 76, 302 (1949), 
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The Kinetics of Heterogeneous Atom and Radical 
Reactions. II. The Recombination of 
Hydroxyl Radicals 


K. E. SHULER* 
Applied Physics Laboratory, The Johns Hopkins University, 
Silver Spring, Maryland 


AND 
K. J. LAIDLER 


Department of Chemistry, The Catholic University of America, 
Washington, D. C. 


November 7, 1949 


N a recent paper (Part I)! we have applied the theory of abso- 
lute reaction rates to the calculation of surface recombination 
coefficients, and have arrived at probable mechanisms for the 
combination of hydrogen atoms on various types of surfaces and 
under different temperature conditions. It is the purpose of the 
present note to extend this treatment to the recombination of 
hydroxy] radicals. 

It was found by Taylor and Lavin? that on a surface poisoned 
by water vapor the concentration of hydroxyl] radicals decreases 
more rapidly than that of hydrogen atoms; assuming the dis- 
appearance to be on the surface, this would imply that the re- 
combination coefficient for the OH radical, you, is greater than 
vu. Smith? made a more quantitative study, using glass and oxide 
surfaces poisoned by water vapor. At 453°K he found that y was 
apparently 2.1 107%, which is less than for hydrogen atoms on 
clean glass by a factor of only about 10. However, the activation 
energy for the OH recombination was found by Smith to be ~9 
kcal., as compared with ~1 kcal. for the hydrogen atom reaction. 
These facts would indicate a much higher frequency factor for the 
hydroxy! radical reactions, a result that is inconsistent with the 
fact that there is a loss of rotational and vibrational freedom in 
forming the activated complex. 

This inconsistency becomes more apparent when quantitative 
calculations are made. Postulating the recombination mechanism 
to be either 

S—OH+OH—S+ H.02 
or 
S—OH+OH—S—0+H:0 
S—0+H—S— OH 


(by analogy with the mechanism of hydrogen atom recombina- 
tion) the recombination coefficient is 
2 

= aT, exp(— E/RT) (1) 
(cf. Eq. (10), reference 1) where Jy, if the vibrational contribution 
is neglected, is equal to 84°JkT/h?. Numerical evaluation for OH 
radicals using c,= 105 gives y= (48.5/7*)exp(— E/RT); at 453°K 
and with E=9 kcal., one obtains y=1.9X 1077. This is less by a 
factor of 10‘ than the experimental figure, and agreement could 
only be obtained if in the calculation a zero activation energy 
were assumed. It may be noted that no heterogeneous mechanism 
will give a higher value of y than the one above, as long as the 
activation energy of 9 kcal. is used. 

In view of the good agreement found for hydrogen atom re- 
combination, this discrepancy makes it extremely likely that the 
reaction investigated by Smith was not predominantly hetero- 
geneous but occurred largely in the gas phase. Owing to experi- 
mental difficulties, Smith could not establish directly whether a 
surface or gas-phase reaction was more important; he considered 
the alternatives of surface recombination and homogeneous three- 
body reaction, and assumed the greater importance of the former 
because of the low pressure at which he worked. However hy- 
droxyl radicals may also disappear by second-order gas-phase 
reactions, and a very probable one in this connection is 


OH+H:z—>H,0+H, 
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This has an activation energy of ~7 kcal.,‘ which is close to 
Smith’s value; moreover, the equilibrium is well over to the right, 
accounting for Taylor and Lavin’s result that hydroxyl radicals 
disappear more rapidly than hydrogen atoms. 

Our conclusions are therefore that the experimental investiga- 
tions have given information as to the rate of the gas-phase re- 
moval of hydroxy] radicals, and that the surface reaction is very 
much slower. To complete the argument it is necessary to show 
that the rate measured is consistent with the assumption of 
homogeneous reaction. The y calculated above was ~2X 1077 at 
453°K, and since y=2kr/d (Eq. (4) of Part I), and with r=0.55 
cm the first-order rate constant is ~2X 10~ sec.~. If the reaction 
is really a second-order gas reaction involving molecular hydrogen 
at a concentration of ‘He, the second-order rate constant is 
~2X107*/*He liter mole sec.. With a frequency factor of 
10 sec. and an activation energy 7 kcal., the calculated second- 
order rate constant is ~3X 108 liter mole sec.—. The homogene- 
ous and heterogeneous reactions then have about the same rates 
if the hydrogen pressure is ~10~* mm, and the homogeneous will 
predominate at higher pressures. The actual hydrogen pressure 
in the system is not known, but the water vapor pressure was 
5X10 mm. Taking a lower limit of about 20 percent for the de- 
gree of dissociation in the discharge, there is certainly enough 
molecular hydrogen to account for the experimental rate of dis- 
appearance of OH radicals by the reaction proposed. 

The true value of y for the surface recombination therefore 
remains unknown, but it can be bracketed: at 453°K it must be 
less than the apparent figure of ~2 10- and is probably greater 
the previously calculated value of ~2X 10-7, since the activation 
energy for the surface recombination is probably less than the 9 
kcal. quoted by Smith and used in our calculations. 

Some recently published results of Byrne® are also consistent 
with our conclusions. 


* AEC Postdoctoral Fellow. 

1K, E. Shuler and K. J. Laidler, J. Chem. Phys. (to be published) ; cf. also, 
K. J. Laidler, Bull. soc. chim. 16, D171 (1949); J. Phys. Colloid Chem, 53, 
‘ 

2H. S. Taylor and G. I. Lavin, J. Am. Chem. Soc. 52, 1910 (1930). 

‘W. V. Smith, J. Chem. Phys. 11, 110 (1943); thesis, Harvard Uni- 
— (1941). 

. H. Geib, Ergeb. d. exakt. Naturwiss. 15, 44 (1936). 

7 Fé. Byrne, Third Symposium on Combustion and Flame and Explosion 

Phenomena (Williams and Wilkins, Baltimore), p. 481 





A New Method of Estimating the Surface Area 
of Powder 


MASATAKA MIZUSHIMA 
Physics Department, Faculty of Science, Tokyo University, Tokyo, Japan 
October 7, 1949 











HERE are three methods now to estimate the surface area 


of powder: Methods of Brunauer-Emmett-Teller'! and 
Harkins-Jura,? using adsorption isotherm, and the thermal meas- 
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urements of the latter.? In this note a new method will be sug- 
gested. 
Let us consider the following thermodynamic process (Fig. 1): 


(1) vaporize the ample amount of pure liquid ( molecules) at its 
saturation pressure p., 

(2) then decrease the pressure of the vapor to fo, at which the first 
molecule of the vapor is adsorbed on the powder, 

(3) put the powder into the room, 

(4) increase the pressure, following up the adsorption isotherm, 
until the pressure of the vapor attains again its saturation 
value pz. 


In these processes, we assume that the adsorption is reversible 
and the amount of liquid is ample enough. All of the processes 
must be under isothermal condition. 

The change in Gibbs’ free energy in each step is easily calculated. 
In (1) AG=0, (2) nkT In(p./po), (3) 0, (4) RT Si" In(po/p(v))dv; 
thus the total change is AG=kT f;" In(p./p(v))dv, where v is the 
number of molecules adsorbed on the powder, and p(v)= is the 
adsorption isotherm. 

This AG can be expressed in another way. The initial and the 
final states of the above process differ only in the point that the 
surface of the powder is clean or covered with liquid. From this 
point of view, we may put AG=a(esa—oxzs), where a is the area 
of the powder, and osa, oxs are the surface tensions (surface Gibbs’ 
free energy) of the interface between powder and air, and between 
powder and liquid, respectively. 

From these two formulas we obtain, 


AT f In a ee (1) 


or, introducing the contact angle 6 between the powder and the 
liquid, by the Dupre’s relation® o41 cos?=os4—o18, ¢aL: surface 
tension of the liquid. (1) becomes 


a=kT {” npi/e4 _" (2) 


If we obtain the adsorption isotherm with some suitable liquid 
and the powder whose area we want to know, then, measuring the 
contact angle, we can calculate the required area by (2). 

There are no suitable data to test (2), except that of Carver’s 
old one.‘ He obtained the adsorption isotherm with toluene and 
glass, whose surface area he measured directly. With his resuit we 


obtain 
kT Jf In 


The contact angle between glass and toluene is measured by 
Bertell,® from whose result 


502” a= 44 erg/cm?. (3) 


oLa cosd=46.5 erg/cm?. (4) 


(3) and (4) agree within 5 percent, confirming our prediction (2). 





1 Brunauer, Emmett, and Teller, J. Am. Chem. Soc. 60, 316 (1938). 
2 W. D. Harkins and G. Jura, J. Chem. Phys. 11, 430, 431 (1943). 
3 Dupre, Théorie Mecanique de la Chaleur (1869), p. 369. 

4 Carver, J. Am. Chem. Soc. 45, 63 (1923). 

5 Bartell and Merrill, J. Phys. Chem. 36, 1178 (1932). 
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Energy Levels of Aromatic Hydrocarbons 


D. P. CRAIG 


Sir William Ramsay and Ralph Forster Laboratories, University College, 
London, England 


July 20, 1949 


OME current theories of the w-electron energy levels of aro- 
matic molecules'~* start from a scheme of one-electron 
molecular orbitals and work from the supposition that the lower 
absorption bands record transitions, by one electron, from one 
molecular orbital to another. According to this view a molecular 
state can be described by a single “configuration,” or assignment 
of electrons to molecular orbitals, the latter being either made up 
from atomic orbitals'? or chosen in some other way' to fit a po- 
tential having the symmetry of the molecule. Evidently, it is 
essential for a theory built up in this way that there should be no 
large interaction terms between different configurations; this has 
usually been taken for granted, perhaps from the fact that in 
atomic theory “configuration interaction” can often be neglected. 
There are indications however that configuration interaction in 
molecular theory does not play the same minor role as it does in 
atomic theory, and that calculations neglecting it may go seriously 
wrong. The subject has been explored in benzene‘ by setting up a 
number of wave functions, corresponding to different configura- 
tions but of the same symmetry, and using them as a basis for a 
variation calculation with electron repulsion as the perturbing 
potential. The procedure is an extension of the method of Goeppert- 
Mayer and Sklar! in benzene and follows it closely in technique: 
Goeppert-Mayer and Sklar calculated the effect of electron re- 
pulsion on single configurations, and the extension is to work out as 
well the degree to which electron repulsion causes the mixing of 
different configurations. A measure of the importance of this 
mixing is the depression in the energy, measured relative to the 
most stable single configuration, caused by other configurations. 
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attention should be paid to the alternative assignment A1g—E,, 
which was mentioned as a possibility some years ago by Nordheim, 
Sponer, and Teller.® It is a significant, and perhaps hopeful, sign 
that this assignment agrees with valence-bond theory including 
polar structures,‘ and an experimental decision would greatly 
assist in sifting the claims of present theories. 

1M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645 (1938). 

2 Coulson, Proc. Phys. Soc. 60, 257 (1948). 

3 John R. Platt, J. Chem. Phys. 17, 484 (1949). 


4D. P. Craig, to be published. 
5 Nordheim, Sponer, and Teller, J. Chem. Phys. 8, 455 (1940). 





Mass Spectra of cis- and trans- 
Decahydronaphthalene 


FRED L. MoHLeER, LAURA WILLIAMSON, EDMUND J. WELLS, JR., 
AND HELEN M. DEAN 
National Bureau of Standards, Washington, D. C. 
October 3, 1949 


ASS spectra of many cis- and trans-isomers of hydrocarbons 
have been measured and, in general, there is very little 
difference between the two isomers. A notable exception is the cis- 
and trans-forms of decahydronaphthalene. Recently, pure NBS 
standard samples of these two isomers have become available and 
we have measured the spectra for publication in the API Catalog.’ 
Spectra were measured with a Consolidated mass spectrometer 
following standard procedures except that pressure in the reservoir 
was measured by a micromanometer to obtain the sensitivity 
(current per unit pressure) at the maximum peaks. 
Table I lists some of the larger and more distinctive peaks ob- 


TABLE I. Mass spectra of cis- and trans-decahydronaphthalene. 











Depression rel- 
ative to lowest 
configuration 


Energy in- 
cluding config. 
interaction 


Lowest config- 
Symmetry uration energy 
Aw 2.0 ev 
Buy s 4.5 ev 
Bis 2.9 ev 
Ew 5.1 ev 











Interactions are considered between configurations whose energies 
fall within 10 ev of the lowest of any one symmetry type. The 
effect varies strongly between symmetries, and to put the magni- 
tudes in their proper perspective it may be noted that the depres- 
sions are comparable with spectral intervals. 

The calculations are being published in detail.‘ As is to be ex- 
pected in any non-empirical theory, good agreement with experi- 
ment will have to await inclusion of many-center integrals and 
perhaps some more subtle refinements. The chief interest of the 
work at this stage is to suggest that a basis of single configurations 
in one-ek stron molecular orbitals is not likely to prove well suited 
to the discussion, even qualitatively, of excited states and spectral 
bands of aromatic molecules. Physically it must be the case that 
the electron motions depart considerably from the uncorrelated 
motions implicit in any theory of single configurations, and there- 
fore have to be described as a linear combination of configurations. 
It follows that a satisfactory theory will need either to include 
configuration interaction within a basis of several configurations, 
or to start from a different basis altogether, such as electron-pair 
wave functions or some elaboration of them. 

There is one spectral assignment in benzene, previously made on 
the basis of Goeppert-Mayer and Sklar’s work, which these calcu- 
lations call seriously in question. It is the assignment A1,— Bi, for 
the 2000A band. Under configuration interaction, an Eo, state is 
depressed very strongly relative to the Biu, suggesting that some 


Relative intensities 
Formula cis 


CiHis 
CoHis 


CsHis 
CsHis 


m/e 


138 
123 
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110 
109 


97 
96 C7Hi2 
95 CrHu 


83 CeHu 
82 CeHi0 
81 CeHo 


69 CsH9 
68 CsHs 
67 CsH7 


55 CsH7 
54 CaHe 


41 C3Hs 
39 C3H3 


29 CoHs 
28 CoH. 
27 CeH3 
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tained with 70 volts ionizing voltage. The most conspicuous differ- 
ence between the spectra occurs on the 68+ and 67+ peaks but 
there are large differences on all the larger peaks heavier than 68, 
while on all the lighter peaks differences are small. It is rather 
surprising that the most probable ionization processes give ions 
with five carbon atoms for three C—C bonds must be broken to 
give C; ions while only two bonds need to be broken to give other 
ions. 


1 Catalog of Mass Spectral Data. API Research Project 44, Nat. Bur. of 
Standards. 
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